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(57) Abstract 

Disclosed is a scries of improved metal chelating agents, selected from the group consisting of: (2), (3) or (4) which are highly 
effective upon both injection and oral administration; several of the most effective are of low toxicity. These chelating agents incorporate 
within their structure l-hydroxy-2-pyridinone(l,2-HOPO) and 3-hydroxy-2-pyridinone(3,2-HOPO) moieties with a substituted carbamoyl 
group ortho to the hydroxy or oxo groups of the hydroxypyridinone ring. The electron-withdrawing carbamoyl group increases the acidity 
of the hydroxypyridinones. In the metal complexes of said chelating agents, the amide protons form very strong hydrogen bonds with 
its adjacent HOPO oxygen donor, making these complexes very stable at physiological conditions. The terminal N-substituents provide a 
certain degree of lipophilicity to said 3,2-HOPO, increasing oral activity. Also disclosed is a method of making the chelating agents and 
a method of producing a known compound, 3*hydroxy-l-alkyl-2(lH)-pyridinone, used as a precursor to the chelating agent, safely and in 
large quantities. 
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16 STATEMENT AS TO RIGHTS TO INVENTIONS MADE UNDER FEDERALLY- 

17 SPONSORED RESEARCH AND DEVELOPMENT 
18 

1 9 This application is a continuation-in-part of an earlier filed application entitled " 1 ,4- 

2 0 Disubstituted 3-Hydroxy-2( I H)-Pyridinone Chelating Agents," serial number 08/227,96, filed 

21 04/13/94, herein incorporated by reference. 

22 The Government has rights in this invention pursuant to Contract No. DE-AC03- 

23 76SF00098 awarded by the U.S. Department of Energy. The uranium and plutonium 

24 chemistry is supported through DOE. The iron chemistry is supported on the Berkeley 

25 campus by NIH grants AI 1 1744 and DK 32999. The plutonium decorporation and ligand 
2 6 toxicology are supported by NIEHS grant ES 02698. 

27 
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1 BACKGROUND OF THE INVENTION 

2 

3 FIELD OF THE INVENTION 

4 

5 The present invention relates generally to improved therapeudc metal chelating 

6 agents which are highly effective and have low toxicity upon injected and oral 

7 administrauon. and in particular to chelating agents which incorporate within their structures 

8 1 -hydroxy-2-pyridinone ( 1 .2-HOPO) and 3-hydroxy-2-pyridinone (3,2-HOPO) moieties 

9 with a carbamoyl group substituted on the ring carbon atom ortho to the hydroxy or oxo 
1 0 group of the HOPO ring. 

11 

12 DESCRIPTION OF RELATED ART INCLUDING INFORMATION DISCLOSED 

H UNDER §§ 1.97-1.99 

14 

15 Siderophores are highly selective and effective ferric chelating agents synthesized 

16 and released by microorganisms to ensure the presence of sufficient iron in solubilized form 

17 for cell reproduction. It was recognized early on that the affinity and selectivity of the 

18 siderophores for ferric ion made these compounds good candidates for therapeutic iron 

19 removal agents. This is particularly true for patients who suffer from blood diseases such as 
2 0 beta thalassemia, tiie treatment of which requires the regular transfusion of whole blood and 

2 1 results in tiie accumulation of massive tissue iron deposits. Because of the similarity in 

22 coordination properties between Fe(m) and tetravalent actinides. tetravalent actinides have 

23 great affinity for electron-donor groups that bind Fe(m). and follow Fe(in) in mammalian 

24 iron transport and storage systems. The great affinity and specificity of tiie siderophores 

2 5 towards Fe(ni) suggest that modification of siderophores, which are effective sequestering 

2 6 agents for ferric ion. would yield potential chelators of tetravalent actinides, which present 

27 significant biological hazards associated with nuclear technology, FoUowing absorption, the 

2 8 actinide cations tiiat have been inhaled, ingested, or deposited in a wound circulate in serum 
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1 bound to transferrin (Tf). the iron transport protein, and renal and gastrointestinal excretion 

2 are severely inhibited. As actinide-containing cells and structures die, the released actinide 

3 is recirculated, and nearly all of it is re-deposited at new sites. The alpha particles emitted 

4 by the actinides kill cells and induce cancer in the major storage tissues-lung, bone, liver. 

5 The only known way to reduce the toxicity of these radioactive metals is to use chelating 

6 agents to accelerate their excretion, thereby preventing deposition or re-deposition. 

7 Normally, such actinide chelating agents will be octadentate ligands, as opposed to the 

8 generally hexadentate or letradentate siderophores. Other uses, such as radionuclide 

9 chelation in nuclear medicine applications, for example, are also clearly possible. 

10 The biomimetic approach of the present invention, which designs and synthesizes 

11 sequestering agents for ferric ion and actinides, are based on siderophores. The metal 

12 binding units of siderophores are usually either catechols (dihydroxybenzene analogues; 

13 Formula 1 A) or hydroxamic acids (Formula IB): 
14 




16 Formula lA Formula IB 

17 In fact, desferrioxamine B (DFO), a tri-hydroxamic acid siderophore, is used as a human 

18 iron sequestering agent. This chelating agent has predominated for over 30 years as the 

19 method of choice for treatment of iron overload. However, DFO has low oral activity and a 

20 number of adverse effects: including administration via a cumbersome subcutaneous 

21 infusion, leading to poor patient compliance with the treatment regime, and poor efficacy in 

22 removing deposited actinides. As a result of these limitations of the prior art drugs, there is 

23 a need for more effective and orally active iron sequestering agents to treat iron overload as 

24 well as actinide poisoning. 
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1 The most potent natural Fc(ni) chelator is enterobacUn. a siderophore produced by 

2 entericbacteriawithaformationconstantofKf= 10^9 pM = 35.5. This hexadentate ligand 

3 is composed of three catechoylamide groups attached to a tri-serine lactone backbone. 

4 Catecholates 'arc much stronger sequestering agents than hydroxamate ligands. such as DFO. 

5 and these ligands are faster in removing iron from human transferrin, primarily for kinetic 

6 rather than thennodynamic reasons. Synthetic analogues of catechol-based siderophores are 

7 also known. However, there are a number of difficulties in developing catecholates into 
^ ^^^"'^^ P!>^^^^"^cal agents. A n^^^ 

9 enterobactin. wUI be bound by albumin in serum. They also strongly promote the growth of 

10 pathogenic microorganisms. The weak acidity of catechol and the required loss of two • 

11 protons per catechol group at or about neutral pH limit the effectiveness of catechol-based 

12 ligands in vivo. These factors place severe limitaUons on the use of catechol-based ligands 

13 as therapeutic agents. It is therefore desirable to provide a medicinally useful metal 

14 chelating agent having a higher K,. i.e.. more acidic, and which therefore binds more 

15 effectively at physiological pH. than catechol-based compounds. Uninegative ligands. i.e.. 

16 ligands having a single negative charge near neutral pH range, are panicularly desirable, in 

17 contrast to the correspondingly highly charged ferric and plutonium catechol complexes. 

18 DerivaUves of hydroxypyridinones ("HOPO") are of particular interest, since these 

19 ligands selectively display high affinity for ferric and actinide ion. These ligands and their 
2 0 mono-anions have a zwitteronic resonance form that is isoelectronic with the catechol 

21 dianion. The abbreviaUon "HOPO" will hereinafter be used to include hydroxypyridinone 

22 analogues as well as isomers or tautomers thereof, in either protonated or dcprotonated 

23 forms. 

24 The HOPO ligands have been shown to be very promising sequestering agents. The 

25 bidentate 3.4-HOPO ligand. 1.2-dimethyl.3-hydroxy-4-pyridinone. is orally active and has 

26 gone through extensive study, including clinical trials. However, there are many Umitations 

27 for such a simple bidentate ligand. Multidentate HOPO derivatives have advantages over 
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1 simpler bidentaie ligands: in particular, low toxicity resulting from a higher binding affinity 

2 (pM) at low (clinical level) ligand concentrations. 

3 Previous patents on hydroxypyridone ligands used as chelating agents include 

4 "Hydroxypyridonate Chelating Agents", US Patent Number 4,698,43 1, patented by Kenneth 

5 N. Raymond, Robert C. Scarrow, and David L. White, October 6, 1987. This invention 

6 provided 1,2-HOPO derivatives with either an amide or a carboxylic acid moiety in the 

7 number 6 position. These chelating agents are useful in selectively removing certain cations 

8 from solution and are particularly useful as ferric ion and actinide chelators. However, 

9 Patent Number 4,698,43 1, did not claim other chelating agents having 3,2-HOPO moieties ' 

10 incorporated within their structures or a carboxy moiety on the number 3 position of 1,2- 

11 HOPO ring. 

12 Other related art includes Pharmaceutical Compositions of Hydroxypyridones, US 

13 patent number 4,666,927, patented by Robert C. Hider, George Kontoghiorghes, Jack Silver, 

14 and Michael A. Stockham, May 19, 1987. Claim 1 of this patent claims a number of 

15 possible chelating agents having 1,2-HOPO, 3,2-HOPO, or 3,4-HOPO moieties 

16 incorporated within their structures that are linked through a number of possible 

17 combinations of linking groups, including -CONH- groups. However, US Patent Number 

18 4,666,927 leaches against a HOPO moiety having a substitution ortho to the hydroxy or oxo 

1 9 group of the HOPO ring. 

20 In contrast to US patent number 4.666,927, the inventors have developed a new 

21 design strategy, that is to synthesize a new series of 3,2-HOPO derivatives with either a 

22 carboxylic acid or a (substituted) carbamoyl moiety substituted on the ring carbon ortho to 

23 the HOPO hydroxy group. The particular coordination geometry and the hydrogen bonding 

24 between the amide proton and HOPO oxygen donor in these HOPO-metal complexes 

25 disclosed by the present invention thereby make the new series of 3,2-HOPO derivatives 

26 unusually good complexing agents having very high stability and specificity towards metal 

27 binding. The inventors further found these new compounds have stronger acidity and 
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5 

6 



1 chelating ability for iron and actinides and have high oral activity in removing toxic 

2 actinides in vivo. 

3 Furthermore, the method of synthesizing the present invention having 3,2-HOPO 

4 moieties incorporated within their structures with the (substituted) carbamoyl group ortho to 
hydroxy group of HOPO ring is not obvious. One earlier attempt by the inventors included: 
reacting 4-carboxy-3-hydroxy-2(lH)-pyridinones (Formula 9A) with l.I'- 

7 carbonyldiimidizole to produce the active amide intermediate, which is then reacted with 

8 backbone amines.to form the-corresponding novel 3. 2-HOPO Iigands. similar to the case of 

9 thiohydroxamate. See. e.g., Kamal Abu-Dan and Kenneth N. Raymond. "Ferric Ion 

10 Sequestering Agents. 23. Synthesis of Tris(hydroxypyridinethione) Ligands and Their 

1 1 Ferric Complexes; X-ray Structure Analysis of N.N'.N"-Tris( 1 .2-didehydro- 1 -hydroxy-2- 

12 thioxopyrid-6-yl)carbonyl).2.2',2"-triaminotriethylaminato)iron(m)," Inorg. Chem. 199 1, 

13 30, 519-524. However, the purification of the final product is difficult, therefore, this 

14 method is not preferred. A second attempt to carry out the above reaction produced the acid 

15 chloride of l-aIkyl-4-carboxy-3-hydroxy-2(lH)-pyridinone as an active intermediate using 

16 thionyl chloride or oxalyl chloride, similar to the case of catechoylamide ligands. Due to 

17 the low yield of compound in preliminary tests, this method is also not preferred. 

18 The present.invention discloses a process to synthesize the desired multidentate 1,2- 

1 9 HOPO and 3,2-HOPO ligands in good yield. 

20 Accordingly the present invention comprises an effective multidentate siderophore 

21 analogue HOPO ligand in which one or more HOPO rings are linked to a molecular 

22 backbone through amide linkage. The inventors have previously reported the synthesis of 

23 siderophore analogues with linear, mulUpodal and macrocyclic topologies, and have shown 

24 a more effective ligand is one with a greater predisposition toward binding. In the design of 

25 the present invemion. these synthetic strategies, as well as the binding abilities, solubility 

26 and lipophilicity of the resulted compounds, are important factors considered. 
27 
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1 SUMMARY OF THE INVENTION 

2 

3 The present invention represents a breakthrough in siderophore-Iike ligands intended 

4 for pharmaceutical use. The present invention provides novel 1,2-HOPO and 3.2-HOPO 

5 chelating agents capable of selectively forming stable complexes with certain cations such 

6 as Fe3+, Gd^-^, Am3+, Pu^+, Np^, and U^^ ions. 

7 The present invention allows this highly advantageous class of chemicals to be. 

8 administered orally or by injection. 

9 These complexing agents are lipophilic enough to display oral activity. 

10 The present invention provides a method to produce these compounds safely and in 

11 good yield. 

12 The present invention provides unusually good complexing agents with high stability 

13 and specificity for iron and actinides. 

14 The present invention provides chelating agents which are relatively acidic and 

15 incorporate monoprotic ligand groups. 

16 The present invention provides methods of using the novel chelating agents. 

17 The present invention provides methods of synthesizing the novel chelating agents. 

18 These new HOPO ligands are generally synthesized by introducing a carboxylate group at 

19 the carbon atom ortho to the ligating group of HOPO ring, then making an amide linkage to 

20 a suitable molecular backbone. 

21 In one aspect of the invention, novel chelating agents are provided which include 

22 HOPO-based bidentate and mullidentate ligands, as well as mixed multidentate ligands such 

23 as HOPO-substituted desferrioxamine. In other aspects of the invention, novel methods of 

24 synthesizing the HOPO-derived chelating agents are provided, as are methods of using the 

25 novel compounds. 
26 

27 
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5 
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8 

9 
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12 

13 



DETAILED DESCRIPTION OF THE INVENTION 

The present invention provides novel 1,2-HOPO and 3.2-HOPO chelating agents 
capable of selectively forming stable complexes with certain cations such as Fe^*. Gd3+. 
Am3* and Pu^., Np4., and U** ions. Accordingly the present invenUon comprises a 
compound consisting of 4-(substituted)carbamoyl-3-hydroxy-2-pyridinones having optional 
substituents on the nitrogen atom, and on one or more of the carbon atoms of the ring. 
Shown below are the preferred basic ring system in the compounds of the present invention 
(Formula 2). the basic ring system of 1.2-HOPO-6-carbamoylamide (Formula 3). and 



1 0 catechoylamide (Formula 4): 
R 



Formula 2 





Formula 3 



Formula 4 



14 wherein R, and are separately selected from the group consisting of: hydrogen. Cm 

15 aUphatic hydrocarbon groups, and C,.^ aliphatic hydrocarbon groups subsUtuted by a single 

16 halide. hydroxy, or carboxy group or an aryl group. 

17 The HOPO rings are attached to a molecular or polymeric backbone R through 

18 amide linkages, where R is selected from multi-linking groups. Representative examples of 

19 such multi-linking groups include, but are not limited to: 
20 
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1 
2 



5 
6 



Formula 5A 
(m= l-3.n= l-3,p= 1-3) 



Formula 5C 
(m= 1-6) 



X 

Formula 5F 




R" X 



Formula 5D 
(R" = H, alkyi) 



[I 1 

Formula 5B 
(ni= l-3,n= l-3.p= 1-3) 



Formula 5E 
(m= 1,2) 





Fonnula SG 

(m=l-2) 



(CH2)q (CH2)q 

N— {CH2)p— N 

I I 
(CH2)q (CH2)q 

X X 
Formula SH 

(m = 2-6.q = 2-4) 



7 wherein the several X's of a formula may be a combination of chelating agents selected from the 

8 group consisting of: 



.MR' 



9 
10 



R2 



Formula 51 



R2 




or 



OH 



Formula SJ 



O^ ,NR- 



I 

Ri 

Formula SK 
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2 and V « a 3,2-HOPO or 1.2-HOPO sm,c«:nj u„i, selected fro™ ^ consi«i„g ot 



4 , 



OH 



6 
7 
8 



where the free valency in each case indicates the prefen^d attachn^ent point of the chelating 
group to a backbone. 

In Formulae 5A to 5H, some of the chelating units X and Y may also be substuuted 
9 by other chelating structural units. Representative examples of other chelating units include. 

10 but are not limited to: aminoacetic acid, hydroxamic acid, catechol. 2.3- 

11 dihydroxyterephthalamide or 3,4-HOPO. 

12 Due to the presence of electron-withdrawing substituted carbamoyl group ortiio to 

13 *<^hydroxygroupofHOPOring.compoundsofFormulae3and4havelowerpK3sand 

14 more preferable coordination properties than cortespondmg HOPO ligands without the 

15 carbamoyl substituents. Their ring systems are also more able to withstand reduction or 

16 -'dationthancorrespondingHOPOligandswithoutthecarbamoylsubstituents. Similarto 

17 the case of catechoylamide complexes (Formula 6) and 1.2-HOPO-6-ylamide complexes 

18 (Formula 7). the strong hydrogen bonding between U,e amide proton and the adjacent 

19 oxygen donor, the hydroxy oxygen atom, also enhances the stability of the 3.2-HOPO 
complexes of this invention (Formula 8) as shown below: 



20 
21 
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Formula 6 Formula 7 Formula 8 

wherein M is a metal ion with a high charge to radius ratio and the free valency in each case 
indicates the preferred attachment point of the chelating group to a backbone. 

These chelating agents become very powerful chelators for metal ions with high 
charge to radius ratios. 

Another important feature of the 3,2-HOPO ligands of this invention is that these 
compounds have a terminal Ri group substituted on the HOPO ring nitrogen, which 
provides certain adjustable lipophilicity to the whole molecule, necessary for the ligand to 
display oral activity. 

The lipophilic properties of the HOPO substituted compounds in combination with 
their relatively low pKgS make them effective oral agents, a highly desirable property for 
therapeutic agents. The new 3,2-HOPO compounds display high binding constants for 
ferric ion, on Uie order of 10^6 to 10^9 and pM values from 19 to 27 for the Fe{III)- 
tris(HOPO) complexes and are thus effective ligands for iron as well as for certain other 
ions with similar coordination properties (e.g., the actinide(IV) ions). These ligands are also 
surprisingly good chelating agents for the lanthanides. 

Monomeric bidentaie compounds of the invention include those given by the 
structure of Formula 9A, 9B and 9C. 
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Formula 9C 



5 
6 



1 

2 Formula 9A Formula 9B 

3 Fonnula 9A shows the acid form, while Fomiulae 9B and 9C show the benzyl protected 

4 amide form and.deproiected amide In these forms; R, is selected from 
the group consisUng of: hydrogen. Cm aliphatic hydrocarbon groups, and C,.^ aliphatic 
hydrocarbon groups substituted by a single halide. hydroxy, or carboxy group or an aryl 

7 group. When R, is selected from these groups, the molecule is provided with adjustable 

8 lipophilicity. In Formula 9B and 9C. R' is selected from the group consisUng of: hydrogen, 

9 C,.s aliphatic hydrocarbon groups, and aliphatic hydrocarbon groups substituted by a 

10 Single carboxy. sulpho, sulphamoyl. N-methyl or N-ethyl sulphamoyl group, or an a^^l 

11 group. The free valency in each case indicates the preferred attachment point of the 

12 chelating group to a backbone. Optionally, formulae 9A and 9C are in the form of a 

13 physiologically acceptable salt. 

14 Although the new HOPO monomers display high affinity for fenic ions, for 

15 example. l-methyl-4(l-propyIcarbamoyl)-3-hydroxy-2(IH)-pyridinone (Formula 9C. 

16 backbone = n-propyl, R' = H. R, = methyl), it has overall complex binding constants on the 

17 orderofI028.7M-3forFe(m). However, because of the 3:1 stoichiometry of the bidentate 

18 monomer /Fe complex, its stability is strongly dependent on its concentration (by the 3rd 

19 power). Generally, the pM concept was used to define the concentraUon of unchelated 

20 metal ion at physiological pH (7.4). and at chelator and metal ion concentrations (nmolar 

21 range) which are those expected in the plasma of a chelator-treated patient. The more 

22 effective chelator has the larger pM value. Since the multidentate 3.2-HOPO ligands have 

23 higher pM values than their bidentate analogues, they have stronger scavenging power for 
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1 iron and acdnides in vivo. For example, the bidentate compound 1 -mediyl-4( 1 - 

2 propylcarbamoyl)-3-hydroxy-2( 1 H)-pyridinone has a pM of 1 9.26 for Fe(III). while the 

3 hexadentate compound TREN-Me-3,2-HOPO (Formula 12, m=l) has a pM of 26.69 for 

4 Fe(III). 

5 Tetradentate chelating agents of the present invention, which incorporate two 3,2- 

6 HOPO structural units, are given by Formula 1 0. These compounds form stable 2: 1 

7 complexes \jfidi actinides. and are promising actinide sequestering agents. 

O 

O^N— (CHj)— N 





T 

9 R| R| 

^0 Formula 10. 

11 In Formula 10, two 3,2-HOPO structural units are linked to an aliphatic hydrocarbon 

12 molecular backbone -(CH2)m-, R| is as given above for the monomers of Formula 9. and m 

13 is an integer from 2 to 9. In a particularly preferred form, m is five, and the structure is "5- 

14 LI-Me-3,2HOPO" (l-Methyl-3-hydroxy-2(lH)-pyridinone structures separated by five 

15 methylene groups, some-what analogous in structure to previously known 5-LICAM, i.e. 

1 6 linear catechoylamide sequestering agents). Alternative molecular backbones of special 

17 interest are groups corresponding to a hydrocarbon group in which one or more carbon 

18 atoms are replaced by an oxygen or nitrogen atom. Such backbones are preferably more 

19 hydrophilic and the corresponding ligands will have better solubility in water. Specific 
2 0 examples of such tetradentate ligands are given by Formula 1 1 , in which R , is as given 

21 above for the 
22 
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1 
2 




Formula 1 1 



4 or mm>ge„ (wiu, a hydragc, alley) or aryl subsUrution). 

6 r.«.«rderdep«,de,^™^e„,3„,^„„„^.„__ I" Cher „<,^. U« hexadcuare 3 2- 

"°^"^»*'>'ves«,„8scave„,i„,p„„„f„nro„a.,ow_.ion„,„,a^ Tta 
.nve„,„rs surprism^, ^ ^ ^ ^^^^ 

9 arc no, o„.y c^„e« i™„ ^^,„, ^.^^ ^^^^ ^^^^ ^ 

1 ag™«Mv^„. ™»i"«^ca„.ac.„ld.,a.co„rd«o„„™...„..„,^ 
" «gh, and *c,e„„ ^ „„. ^ „ _^ ^^^^ 

chc.a.i,,a^„.. ™^i-o.,hecase,or.cuad«a„CAM„r,,2-HOPO.e,„es,e,i„, 
13 ^genls. which are toxic and less effeoiveinviK,. 

15 'r"™"''°^""°°*«°'«^'"»*'«-i«-Wa.ors,i.isp„ssiWe,ha. 
IS ^Z"^"'""^'^'"^- — -«™P'e.s«exa,np,e 

is' „op„"'"^"'"""'"^^^'"-^°^''-=^'-«'"-"°"*'.i"conK^U«c3,^ 

«°;°~"ni.„iU.a.rip„da,an,i.e,ackho„earesive„.yPorn.„,a,2a™.,3. 1, 
horh Pom^iae, R, is as given ahove for ,he „„„o™e,. orPom., , ^ „ 

20 «s an integer from 1 to 3. 
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OH 



N=/ NH 






FormuJa 12 



Formula 13 



Compounds of Formula 12 with m = 1 represents a parucularly preferred embodiment of the 
invenUon. as it has been demonstrated to be non-toxic and extremely effective both in ferric 

7 chelation and in the decorporation of actinides such as Pu(IV), Am(m) and U(VI). This 

8 structure is abbreviated as TREN-Me-3,2.HOPO. similar in structure to previously known 

9 triscatechoylamide ligand TRENCAM. 
Octadentate chelating agents provided by the present invention which incorporate 

11 four 3,2-HOPO structural units are given by Formula 14. This design is based on the 

12 siderophore analogues with 'H' shaped tetrapodal topology developed by the inventors. 

13 which proved to be predisposed towards metal binduig. These chelating agents are 

14 especially suitable for binding actinide (IV) ions, because of their preferred high 

15 coordination number (eight or greater). 
16 
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Fonnula 14 

In Formula 14. R, is as given above for the monomers of Fonnula 9. and m and n are each 
an integer from 1 to 4. 

The chelating agents of this invenuon also include mixed HOPO ligands which in 



addition to having at least one 3,2-HOPO structural 



unit, may also have other chelating 



structural units. Examples of tiiese mixed chelating agents given by Formulae 15-17. 



HO OH 

<\ NH NH 



Z 
I 




SyNH NH 



X J 




Formula 16 



CO-NH 



(CH2)s 

N C 



\ 



(CH2)5 ^CHj)j 

N C 

/ li 
HO O 



CO— NH 



(CH2)j CH, 

N — C 

/ 11 
HO O 



Formula 17 
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Fonnula 15 gives a 3.2-HOPO-substituted analogue of ethylcnediaitune-N.N,N',N'- 
tetraacetic acid (EDTA) and Fonnula 16 gives a 3,2-HOPO substituted diethylenetriamine 
analogue with the Z moiety which is selected from the group consisting of: hydrogen. C,^ 
hydrocarbon groups. 2-hydroxyethyl. 2-amiWthyl. and Cm aliphatic hydrocarbon groups 
substituted by a single carboxy. sulpho, acrylamido or an aryl group; Fonnula 17 gives a 
3.2-HOPO-substituted analogue of desferrioxamine-B. In Formulae 15-17. R, is also as 

8 given above for the monomers of Fonnula 9. The chelating agent of Fonnula 16 with a long 

9 hydrocarbon chain as the Z group is a promising extractant for actinides, especially Am(ffl). 
The chelating agents of Uiis invention also include amine compounds which, in 

11 addition to having at least one 3.2-HOPO stnictural unit, are also substituted with 1,2- 

12 HOPO analogues and catechol analogues. Thus, in the compounds of Fonnulae 10-16 

13 above, the HOPO substituents could be replaced with the any of the structures given by 

14 Fonnulae 18 to 21. as long as one or more 3,2-HOPO substituents remain present on the 

15 chelating stnicture (where the free valency in each case indicates the preferred attachment 

16 point of the chelating group to a backbone). 



OH 





18 

19 Fonnula 18 
20 



Formula 19 





21 Also included in the present invention are chelating agents having polymeric backbones 

22 and at least one amine functionality to which a HOPO substituent is bonded through an amide- 
type linkage. Examples of suitable polymers here include, but are not limited to. poly(styrene- 
divinylbenzene). agarose, and polyacrylamide. 
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The present invention also relates to novel methods of synthesizing the aforemenuoned 
chelating agents as outlined below. 

The novel 3,2-HOPO compounds (represented below by the monomeric compound) 
shown in Formula 9-17 may be convenienUy synthesized according to Scheme 1. 

Scheme 1 




OH 



OH 



1. BnCI/Base 

2. Hydrolysis 



OBn 



Activation 



Formula 22 



R| 

Formula 23 




or 




Formula 24 



Formula 25 



Formula 9B 



Formula 9C 



14 Wherein R = backbone. R, is selected from the group consisting of: hydrogen. Cm aliphati 

15 hydrocarbon groups, and Cm aliphatic hydrocarbon groups substituted by a single halide. 

1 6 hydroxy, or carboxy group or an aryl group, and R' is selected from the group consisting of: 

17 hydrogen. C,^, aliphatic hydrocarbon groups, and Cs aliphatic hydrocarbon groups 

18 subsUtuted by a single carboxy. sulpho. sulphamoyl. N-methyl or N-ethyl sulphamoyl 

19 group, or an aryl group. 

20 The 4-carboxylic acid derivative (Formula 9A) of l-aJkyI-3-hydroxy-2-pyridinone is 

21 prepared from a l-aIkyl-3-hydroxy-2-pyridinone . The latter, for example, l-methyl-3- 
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1 hydroxy-2-pyridinone (Formula 22, R i = methyl) is a known compound. However, the 

2 reported procedure is not safe and is neither convenient nor suitable for large scale 

3 production. The reported procedure is to put 3-hydroxy-2(l H)-pyridinone and iodomethane 

4 in a sealed glass tube and heat this mixture to 140° C for two days. However, the size of the 

5 sealed glass tube is limited and yields only several grams of product. Furthermoie, the 

6 pressure in the sealed glass tube may cause it to explode, thereby releasing toxic fumes. If 

7 the glass tube does not explode, the resultant material is treated with gaseous sulfur dioxide, 

8 a corrosive and toxic gas. In the final step, the compound is purified by tecrystallization 

9 from petroleum ether, a method that is not safe, not convenient and is time consuming, 

1 0 Because Formula 9A is an important precursor to the present invention, the inventors have 

11 developed a safe and convenient procedure which can be used for large scale production as 

12 follows. 3-Hydroxy-2( 1 H)-pyridinone and iodomethane ( 1 : 1 .5 mol ratio) are placed in a 

13 capped Teflon container, the container is put in a stainless steel Parr bomb and heated to 

14 150* C for 2 days. This container may be 50 times larger than the sealed glass tube and will 

15 not explode. The cooled bomb is opened and the resultant thick dark oil is mixed with 

1 6 sodium sulfite ( 1 : 1 .5 mol ratio), which is not corrosive and toxic (as is gaseous sulfur 

17 dioxide) and dissolved in water. The solution is neutralized and then extracted with a 

18 suitable solvent. The 1 -methyl-3-hydroxy-2-pyridinone may Uien be purified with a fiash 

1 9 silica gel plug, which is much safer, convenient and time saving than recrystallization from 
2 0 hot petroleum ether. The reported procedure yields approximately 6 grams each batch. The 

21 present invention can yield approximately 300 grams by using a 1 liter capacity Parr bomb 

22 each time. 

23 The 4-carboxylic acid shown in Formula 9A (Ri = H, alkyl) may then be prepared 

24 from the 3,2.HOPO compound of Formula 22 (Ri = H, alkyl) as follows. A quantity of the 
2 5 3-hydroxy-2( 1 H)-pyridinone is mixed with anhydrous alkali metal carbonate, such as 

2 6 sodium or potassium carbonate, in a preferred mol ratio of 1 :3 to 1 :5. The dried mixture is 

27 then put in a Parr bomb and the bomb is then filled with dry carbon dioxide (850 psi) and 
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.^.ve. i„ .a. 3.. ^ ^ ^^^^ ,e UCa^ 3S ft« 

3 fo« eg. by m»do„ ™:,y«alli.ado„ and dried (see Example 1, 

4 ™=^'^-«°-°«Bands*ow„..P<™,,,^,„„^,^ 

^'--»--«.H..rid.o.e,.,™.,,,„,^ 
7 . .he p^ieced acid (P™„,a 23, ^ p„,^,„„ ^.^^^^^^ 

^---"--*----.™...c.a.a.e^,„,^^ 

^ «™p,e: 2-.e^^„^. N-„,d.,„, ,,„3„ ,^ 

^°^-'-«>--*(DCC,,ivesd.aedva,ed._e.<Po™^^ 

" ^■^--'wi.h.he.™i„eco.p„„„d.Wwi„p„vidca„..ac..o„e-„fU« ' 
^'""«=^"'--.e™pe.a..e,o,ive««p™ec.^3.-„OPOU,„^ 

produecnayberec^U^f^^^,^,^^^^^^^^ 

.1 '"~.ebas3.be„,,„., 

r — '.-e..,ve,„ac«.. 

23 (""""O-am^s 10 fom amide products TlKendof.h. 

24 Ihedisann, ™'^"''» 1== easily moni.o^d by 
"» disappeanmce of its cl^racttristic yellow color. 

b„„, d c e,a.,„, a,e„. p,efe„ed amines a,e ibose wbicb co„eap„„d .o „ 
ofPo^iae.,,. .P«r.„eda..esa,e.p„,ya,^,,,,,„„^_ 
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(NH2(CH2)5NH2). 2^'-oxybis(ethylamine), tris(2-aininoethyl)aniine (see Formula 12, 
m=2), tris(aniinomethyI).ben2ene (see Formula 13), N,N,N'.N'-tetra(2- 
aminoethyDethylenediamine, also known as PE^^^EN (see Formula 14, m=n=2), and the 
monoamine desfenioxamine B (see Formula 17). 

Other amines which may be used in the above synthetic procedure include 
compounds generally given by Formulae 10-13 but having one or more 1,2-HOPO. 3,2- 
HOPO and catechol moieties in addiUon to at least one 3,2-HOPO moiety. Organic 
polymers having at least one amino group may also be used (e.g., agarose, polyacrylamide, 
polystyrene derivatives and other similar compounds). 

The novel 3,2-HOPO compounds (represented below by the monomeric compound) 
shown in Formula 9-17 are also conveniently synthesized according to Scheme 1-1. 



Scheme 1-f 



Step 1: 




Ri 

Formula 9E 




Formula 22A Formula 9A' 



Formula 9F 
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Formula 9E 



FormuJa 23A 



Amidation 




Deprotection OH 




Formula 24A 



NRR' 



5 or Step 2B: 




O^OH 



Hydrolysis ^x^^OR, 



N OR, 
Fonnula 9F 



Activation ^-A^OR, 

Fonnula 23B 



N OR, \ isi^ ^Qi^ 
Formula 24B Formula 25B 



Amidation 




Deprotection 



N OR, 
Formula 9G 




Fonnula 9C' 
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1 hydrogen, C,.8 aliphatic hydrocarbon groups. C|.8 aliphatic hydrocarbon groups substituted 

2 by a single carboxy, sulpho, sulphamoyl. N-methyl or N-ethyl sulphamoyl group, or an aryl 

3 group, and W is generally Chloride. Bromide, or Iodide. 

4 Step 1 : The 4-carboxylic acid shown in Formula 9A' is prepared from the 

5 commercially available 2,3-dihydroxypyridine (Formula 22 A) as follows. A quantity of the 

6 3-hydroxy-2(lH)-pyridinone is mixed with anhydrous potassium carbonate in a prefened 

7 mol ratio of j:3 to 1:5. The dried mixture is then put in a Parr bomb and the bomb is then 

8 filled with dry carbon dioxide (850 psi) and heated to 200° C for 2 days. The cooled bomb 

9 is opened and the resultant solid is dissolved in water and treated with HCl, the 4-carboxyUc 
1 0 acid is then isolated in a free acid form, for example, by filtrating tecrystallizing and drying. 
11. The 3,2-HOPO ligands shown in Formulae 9C to 17 are preferably prepared from 

12 the reaction of an amine backbone and the active protected intermediates. Thus the 4- 

13 carboxy-3-hydroxy-2(lH)-pyridinone (Formula 9A') is conveniently converted to the fiiUy 

14 protected ester (Formula 9E and 9F) through the reaction with an alkylating agent, such as 

15 benzyl chloride or methyl iodide, in the presence of a base, such as potassium carbonate. 

16 Compounds 9E and 9F are easily separated by column chromatography. 

17 Step 2A: Compound 9E is converted into the protected acid (Formula 23A), and 

18 reaction of the protected acid with a compound to activate the acid (for example: 2- 

19 mercapto-thiazoline or N-Hydroxysuccinimide (NHS)) in the presence of 1,3- 

20 dicyclohexylcarbodiimide (DCC) gives the activated intermediates (Formulae 24 A or 25A). 

21 This is reacted with the amine compound which will provide the "backbone" of the 

22 chelating agent at room temperature to give the protected 3.2-HOPO ligands generally as 

23 viscous oils. They are purified preferably by extraction and/or column chromatography. 

24 The hydroxy protecting groups are then removed by deprotection (for example using BBrs 

25 as a deprotecting agent) and the final product is recrystallized from methanol, ethyl acetate, 

26 or water. 
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1 ''^^••^'^''•-"*<»»'''Fkconv.™dta,„,hep„,«..d,cida=o™„la 
2-„rcapK.«e or N-Hyd^xysuccinimide (NHS),, ta u„ „f , 3- 

^ ~3.-HOI>OHsa^^,y3.e^^^,„„^, 

««cUo.aad/„co,u»,ehrom„ography. hyd^xy p.«c.„g g„„p, a„ ^ 
8 -°«'l^<^ro^n,fo,exa.p,= „.„,BBr3asadepo>ec.to,,g^Oa^^^ 

N-»p™ec,«i ™,Ud.„:a« 3,2.HOPO Ugands ca. be c»™i„Uy 



11 

12 
13 
14 



Prppgnics of the Nnvp^ rrrrnnrf: 



a™^: ^»-,3™co„po„„dsa„w.,.„pa,c.yc«„.. 
16 cow. ^«"o.>.yg™copictag.„erala„da:eob,.i„ed.s„.cr«^,™„or 
«o,*o.soUds. l^'~s™e„sba,p,y,b„,,«^„^^^ 

-«o.po..ow,y„po„H=aU„«. ™.«»,dis,tac«v.rca«.o,.b..„MR.pe»a.*e 
~'-------c..iooaH.„,^^„OPo,„,,_, ^ 

2'^'-"—- « — 11«..R.or.bc.o,a.dco„po™d. 
-^1 oisplay a strong band at 1650- ]Mnn^tA ^ 

g aM a. J650 1680 cm-l do» » fte amide group. I„ additon .o *a. band 

^2 '^«fo»,^gba.^i,^„^,„„ '430-.«»cm-.due,o««™gC=Ca„dC.N 
23 Stretching frequencies. 
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^-^a-HOPObasedamideco^poundaareingene^, 
*^y «, „y ^ _ ^^^^ ^ ^^^^ _ 

R=H,.„bicb.ve^so,ub,ei.«„,asweaaa«ganie.,ve... T^^^,^ 
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1 (having pKa's on the order from 5 to 8). and the pH of saturated solutions typically are close 

2 to neutral. These compounds form stable complexes with various metal ions, such as Fe3+, 

3 Gd3+, Am3+, Pu4+, etc. 
4 

5 Exnerimehtal Mpth^wl^; 



7 Infrared spectra were obtained with a Perkin-Elmer Model 283 spectrophotometer. 

8 The NMR spectra were obtained using UCB 250 (250 MHz), BVX 300 (300 MHz) and AM 

9 500 (500 MHz) spectrometers. Mass spectral data were obtained with an Adas MS 1 1 ; a 

10 consolidated 12-1 lOB, or a Kratos MS-50 spectrometer. The data can be tabulated as m/e. 

11 Elemental analyses were performed by the microanalytical Laboratory, Department of 

12 Chemistry, University of California, Berkeley. 

1 3 Tris(3-aminopropyl)amine, 1 ,3.5-tris(aminomethyl)benzene, N J«},N',N'-tetrakis(2- 

14 aminoethyD-ethylenediamine (PENTEN or H(2,2)-amine) can be prepared by methods 

15 described in the literature. N.N,N' J<I'-Tetrakis(2-aminoethyl)- 1 .3-propylenediamine 

16 (H(3,2)-amine), and N,N,N'J^'-tetrakis(2-aminoethyI)-l,4-butylenediamine (H(4,2)amine) 

17 can be prepared in a manner similar to the preparaUon of PENTEN. Desferrioxamine B can 

18 be obtained from Ciba-Geigy. Other reagents and items disclosed can be purchased from 

19 Aldrich Chemical Co. and used as received. 

20 Animal studies were completed using methods detailed in Radiation Protection 

21 Dosimetiy, in press, P. W. Durbin et al., "In Vivo Chelation of Am(IID. Pu(IV), Np(V) and 

22 U(VI) in Mice by TREN-(Me-3,2-HOPO)"; RadiaUon Protection Dosimetry, 17, No. 1. 1989. 

23 p. 35 1 , P. W. Durbin et al., "Removal of 238pu(iv) from Mice by Polycatechoylate, 

24 -Hydroxamate or -Hydroxypyridinonate Ligands"; RadiaUon Research, 99, 1984, p. 85. P. W. 

25 Durbin et al., "Specific Sequestering Agents for the Actinides . . . Radiation Research, 99, 

26 1984, p. 106, P. W. Durbin et al., "Removal of Pu and Am from Beagles and Mice . . . "; 

27 RadiaUon Research, 81, 1980, p. 170, R. D. Lloyd et al., and P. W. Durbin et al., "Specific 
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1 Sequestering Agents for the Actinides " Th^ fnr.„ 

^ ^ , niaes .... The foregoing arucJes are hereby incorporated 

^ by reference. 

e concur.. ,„.o,M sodi™, ^ ^ ^ ^ ^ 

7 Storage at Lawrence Berkeley Laboratory (hereinafter I rm f 

ry ^nerematter LBL) for several years. [The 238pufnA 

10 fn-milB LBL AamMedMnisny group.) 

»nd U«= pH adj«ed ,„ about 4.5 wio, NaOHj« w„ ^ 

18 d'ameter. 1.5 mLW flow rate) with 3 2NHC1 Th<.i,f • 

IS .ria,r.nwith33.-5^alone)were ' " ^^-^S-' by a 

. ^°"'"^^^^°"^'''"^^'^^'-'i«d-oIvedin0.14MNaa 

AJl injections soluUons. after dilution and dH adiusrm.„, 
?i th,« u ™°P"*°J"''"°ent. were sterilized by passing 

23 ^°'"^°"''*'ere calibrated by alDhasrinfiiu,;^ 

24 E«.l.. ® ■ ^^'P'''''=*"^'"^'^0'":o"nung (Packard Tri-Carb460C. 
24 Ecolume® scintillation fluid). 
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1 EXAMPLES 
2 

3 EXAMPLE 1: PreparaUon of 3-benzyJoxy-4-carboxy-l-methyl-2(lH)-pyridinone and 

4 related precursors 

5 (1) l-Methyl-3-hydroxy.2(lH)-pyridinone (Formula 22, Ri=methyl): 

6 l-inethyl-3-hydroxy-2(lH)-pyridinone is a known material; however the previous 

7 procedure for preparation is neither safe nor suitable for large scale production. Therefore, 

8 the inventors have developed a safe and convenient procedure which can be used for large 

9 scale or industrial production after minor modification. The details are described as follows: 

10 3-hydroxy-2(lH)-pyridinone (34.44 g, 0.3 1 mol) and iodomethane (75 g, 0.53 mol) 

11 are placed in an 80 mL capped Teflon container (Caution: iodomethane is highly toxic), and 

12 put in a stainless steel Parr bomb and heated to 150' C for about 48-60 hours. The cooled 

13 bomb is opened and the excess iodomethane decanted. The resultant thick dark oU is mixed 

14 with sodium sulfite (64 g, 0.5 mol) and dissolved in 300 mL water to foim a pale brown 

15 solution. The solution is neutralized to pH 7-8 and filtered to remove any insoluble 

16 impurity. The filtrate is then extracted with methylene chloride (4 x 100 mL). The 

17 combined extracts are dried, then applied to a fiash silica gel plug (6 cm x 8 cm) and eluted 

18 with 4% methanol in methylene chloride. The solvent is rotary evaporated to give the tide 

19 compound (24.3 g. 62.6%) as colorless crystals, mp. 129-130- C. Ih NMR (250 MHz, 

20 CDCI3): 5 3.621 (s, 3H), 6.144 (t, IH, J=7.10). 6.79-6.85 (m. 2H). 7.27 (s.br. IH). Anal. 

21 for C6H7NO2 (125.129), Calcd.(found): C. 57.59 (57.23); H. 5.64 (5.70); N. 1 1.20 (10.93). 
22 

23 (2) 4-Carboxy-l-methyl-3-hydroxy-2(lH)-pyridinone (Formula9A, R,=methyl) 

24 l-Methyl.3-hydiDxy-2(lH)-pyridinone (1) (6.25 g. 50 mmol) is mixed with 

25 anhydrous potassium carbonate (36 g. 0.26 mol): The vacuum dried mixture is put in a Parr 

26 bomb which is then filled with dry carbon dioxide gas (850 psi) and heated to 175-185- C 

27 for 3 days. The cooled bomb is opened and the resultant pale yellow solid is dissolved in 
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ice water and acidified with 6N HCI nr«^ 

m oiv HCI to produce a be.ge crystaJline product (7 42 b 87 ^ 
m-p. 243-245* C (dec). Ihnmrosomu r.. i /•'»2 g. 87.5%). 

"3).7.>66,<>.,H.,=,.„u.„,,,,,,„, <HNMR(250MH^D,aNaOD,.d 3342 
(S.3H). 6.176 (d. lH.fc694) 6487M m , 

« . A^- f"C,H,N04 (169.14) Calcd 

(f<»md,:C,49.71 (49.74);H.4.17(4.30);N8^(8.,6). 



(3) ^■^'ox,^x,-,.™^„.2a„,p,,,,„„,,„^^^^3_ R,_^„ 
10 hydrous dime*yl-f™3«le(DMF) (120 -n, ■ "' ^S- ''•'""« » 

:: ::r:r"- 

a dark oil. which IS purified by a silica selni„»o 

13 nvHH- y ^ ^'"ca geJ plug as mentioned in l-raed,y]-3.hydroxy-2(lH) 

l^d,nonetogivethe3-benzy,oxy-4-benzyloxycarbonyl.l-^^^^^^^ 

14 pale yellow fhirt^ i T • "^"'y'-2aH).pyndinone as a 

give the title compound f9 3 a rr 7^ \ « ... ^ z 10 

21 

24 '^°"^°'"^°"°"-ben2yioxy-4-carboxy-l-n,ethyl2riH^ m- 

25 mmon^m. ^ """"y'-2(JH)-pyndinone{I.05g.4 

26 -™eCDMAP)ind^.ethylenechloride(50.nL) NJ.' 

27 dicyciohexylcarbodumide (DCC) (0.86 g 4 9 mmnl. • . 

M 0 g. 4.2 nunol) u added. After stirring for 4 hours, the 
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dicyclohexylurea (DCU) solids are removed by filtration, the yellow filtrate is rotary 
evaporated to give a yellow solid. Crystallization from isopropanol-methylene chloride 
gives the title compound (1.16 g, 80.4%) as bright yellow crystalline plates. m.p. 149-150* 
C. »HNMR(250MH2.CDCl3) 6 2.867 (t. 2H. J=7.32). 3.594 (s. 3H). 4.313 (i, 2H. 
J=7.33), 5.301 (s. 2H). 6.107 (d. IH. J=6.99). 7.126 (d. IH, J=7.00). 7.31-7.45 (m, 5H). 
Anal for C17H16N2O3S2 Calcd. (found): C, 56.64 (56.36); H, 4.47 (4.47); N, 7.73 (7.73); 
7 8.17.78(17.41). 
8 

9 EXAMPLE 3: Preparation of 3-hydroxy-l-methyl-4(l-propylcarbamoyl)-2(lH)-pyridinone 

10 (Formula 9C, R i=meihyl, R=/i-propyl, R'=H) 

11 (1) 3-Benzyloxy- 1 -methyl-4( 1 -propylcarbamoyl)-2( lH)-pyridinone (Formula 9B. 

12 Ri=methyl, R=n-propyl, R'=H) 

13 To a solution of 3-benzyloxy-l-methyl-4-(2-thioxothiazolidin-l-yl)carbonyl-2(lH)- 

14 pyridinone (720 mg. 2 mmol) in dry methylene chloride (40 mL) is added n-propylamine 

15 (0. 1 8 mL, 2.2 mmol) while stirring. The disappearance of the yellow color indicates the end 

16 of the amidation reaction. The reaction mixture is concentrated and loaded on a Hash silica 

17 gel column. Elution with 2-6% methanol in methylene chloride allows the isolation of 

1 8 benzyl protected title compound (522 mg, 87%) as a coloriess thick oil. ' H NMR (250 

19 MHz. CDCb): 6 0.794 (t. 3H, J=7.40). 1.333 (q, 2H. J=7.23), 3.184 (q, 2H. J=7.0), 3.605 

20 (s, 3H), 5.383 (s, 2H), 6.816 (d. IH, J=7.24). 7.123 (d, IH. J=7.21), 7.30-7.50 (m. 5H). 7.92 

21 (s,br. IH). 
22 

23 (2) 3-Hydroxy-l-methyl-4(l-propylcarbamoyl)-2(lH)-pyridinone (Formula 9C. 

24 Rl=methyl.R=n-propyl,R'=H) 

25 3-Ben2yloxy-l.methyl-4(l-propylcarbamoyl)-2(lH)-pyridinone (301 mg. I mmol) 

26 and 5% Pd/C catalyst (30 mg) are mixed with ethanol (15 mL). the mixture is stirred under 

27 hydrogen (1 atm) at room temperature for three hours. After filtration, the filtrate is rotary 
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c„..pou„d„80.g.86%,asacolor,ess«ep™d„c.„.p.,«.5-,65-C .HNMR 
^ 2H ,=5.57). 3.46, <s. 3H,. 6.24 (d. ,„. ,=7.43,, .,,5 „. ,„, , 

6 C. 57.40 (57.44): H, 6.26 (6.63); N 13.39(13,25). 
7 

8 EXAMPLE 4: of i,3.M(3..yd„,^.,.^,j.3_,,.^,^^^ 

yl)caAoxa»doJp™p,„ (3-U.M.-3^-HOPO, Fom^a ,0. R,=„^„ ^3, 

^•^■™«-2-'°™^™<i..(0.52g,4.4™„„,,,a„.,,„^,,,,^^„,^ ' 

12 *^"»ky'-cW„.de(50„^,ocC(0.,0,4.4n™o,)U.dded. The ^„,,., 

13 mixture is stirred in darkness for four hours and l ^ nr„ ^- • 

and 1.3-propanediaimne (0.15 g, 2 inmol) is 

' 0.9Sg)asapa,= y.„„„^k^, * is dissolved i„ a=«ic acid (20 and 
1 M™,e„a,ed.y.i.„o„d„„c>,a.oa>asaca.a„s,. Fi.«io„ r„u„,^ ^ 
e«.p„™Uo„ ,.s a p.e .Hich is f„„ .„ ^ 

MH.DMSCM„:5 I-'" (■.2H,. 3.327 (,.4H,. 3.469 ,s.6H,. 6.503 ,d.2„.;=, 24, 
;;';;'^^«''="»'-«-^«(s...,2„).„.7(s..,.2„,, MS(.FAB.NBA,: 377.2(W 

• 

24 (54.17): H. 5.35 (5.49); N. 14.88 (14.59). 



25 
26 
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1 EXAMPLE 5: Preparation of 1.4-bis[(3-hydroxy-l.inethyl.2-oxo-l,2Klihydropyridin^. 

2 yDcarboxamidoJbutane (4-LI-Me-3.2-HOPO. Fonnula 10, R i =raelhyl. m=4) 

3 This compound is prepared by the procedure of example 4, except 1 ,4- 

4 butanediamine (160 mg. 1.8 mmol) is used instead of 1,3-propanediamine. Separation and 

5 purification of the benzyl-protected precursor are performed as described above, the pure 

6 precursor is recrystaUized from methanol as a white crystalline solid, m.p. 189-190* C. It is 

7 deprotected by catalyUc hydrogenation as described above. The title compound is 

8 recrystaUized from methanol to give a beige solid product (462 mg. 68.7%). m p. 265' C. 

9 (dec). IH NMR.(300 MHz. DMSO-de): 6 1.541 (s. br. 2H). 3.308 (s. br. 4H). 3.463(s. 6H), 

10 6.515 (d. 2H. J=7.31). 7.187 (d. 2H. J=7.27). 8.483 (t. br. 2H. J=5.34). MS (+FAB. NBA): 

11 391.3 (MH+. 100%). 413.1 (MNa+, 25%). Anal, for C,8H22N4O6 0.5 H2O (399.41). 

12 Calcd. (found): C, 54.13 (54.67); H. 5.80 (5.91); N. 14.02 (13.58). 
13 

14 EXAMPLE 6: Pr^paraUon of l,5-bis[(3-hydroxy-l-methyl-2-oxo-l,2-dihydropyridin-4- 

15 yl)carboxamido]pentane (5-LI-Me-3.2-HOPO. Formula 10, Ri=methyl. m=5) 

16 This compound is prepared by the procedure of example 4, except 1,5- 

17 pentanediamine (0.21 g. 2mmol) is used instead of 1.3-propanediamine. Separation and 

18 purification of the benzyl-protected precursor are performed as described above, the pure 

19 precursor is separated as a pale yellow oil. It is deprotected by catalytic hydrogenation as 

20 described above. The deprotected product is recrystaUized from methanol to give the UUe 

21 compound (530 mg. 65.7%) as white scale-like micro crystaUine product, m.p. 225-6- C 

22 (dec). IH NMR (300 MHz, DMSO-J5): 5 1.32 (m, 2H), 1.527 (qin. 4H, J=7.17), 3.276 (q, 

23 4H, J=6.49). 3.464 (s. 6H). 6.509 (d, 2H, J=7.33), 7.183 (d, 2H, J=7.34), 8.459 (t, br. 2H. 

24 J=5.52). MS (+FAB. NBA): 405 (MH+. 100%). 427.1(MNa+, 25%). Anal, for 

25 C,9H24N4O6 0.56H2O (415.24). Calcd. (found): C, 54.96 (54.89); H, 6.12 (5.99); N, 13.45 

26 (13.27). 
27 
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"'""°'^f<'™»'l"10,R,=mea,yI,m=fi, 

8 rccrvstaUiTftH f,«™ u ^ utJe compound is 

H.15S). Anal. fo,C2oH2«N,Oe. 0.25 H2O (422 96) c,,.^„ 
" (57.03); H, 6.31 (6.41,,; N. ,3.24 (,2.95, ' ^' " 

14 

15 EXAMPLE 8: Preparation ofl -> hicr/'j u . 

" >'---o^3.;_ ;r :rr ^^^^^^^^ 

THiscompomidisp,™^, , "."1-1.-2, 

18 ■ ,-■ , '™^""<'fMmiple4 exc=n.5r 

" «>"-(«hyl«i.e,emyd™chl<»Me,0.25g,4„™„„- ' 

" ^<^.2(MH.. ,00*,,4292(MNa* "•;";-"'"-^^<*^«'- MS,.FAB.NBA, 
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1 EXAMPLE 9: PreparaUon of N.NJ^..tris[(3-ben2yloxy-l.methyl-2-oxo-1.2- 
2 dihydropyridin-4.yl)carboxamidoethyl]-ainine (TREN-Me-3.2-HOPO, Formula 1 2, m= 1 ) 

3 To a solution of 3-ben2yloxy-l-methyl-4-(2-thioxothiazolldin-l-yl)carbonyl-2(lH)- 

4 pyridinone (Formula 24. 1 .44 g. 4 mmol) in methylene chloride (50 mL), freshly distilled 

5 tris(2-aminoethyl)amine (TREN) (0. 18 g, 1.2 mmol) is added, the mixture is sUned 

6 overnight and then rotary evaporated and loaded onto a flash silica column. Elution with 2- 

7 7% methanol in methylene chloride allows for isolation of the pure benzyl-protected 

8 precursor as a pale yellow oil. It is dissolved in glacial acetic acid ( 1 0 mL) and 

9 hydrogenated by using 10% Pd on charcoal as catalyst. Filtration followed by rotary 

10 evaporaUon gives a pale brown residue which is recrystallized from water to give the tiUe 

11 compound (486 mg , 67.1%) as a pale yellow crystalline solid. m.p. 130-2' C (dec). >H 

12 NMR (250 MHz. DMSO-rf^): 6 2.296 (t. 6H. J=5.97). 3.072 (q. 6H, J=5.82), 3.449 (s. 9H. 

13 NC/f3). 6.458 (d. 3H. J=7.24). 7.122 (d. 3H. J=7.27). 8.46 (t. br. 3H. J=5.3). iH NMR (250 

14 MHz. D20-NaOD): 5 2.901 (t, 6H, J=6.26), 3.450 (s, 9H). 3.520 (t. 6H, J=6.24). 6.568 (d. 

15 3H. J=7.29). 6.609 (d, 3H. J=7.21). MS (+FAB. NBA): 600.3 (MH+). Anal, for 

16 C27H33N7O9 I.5H2O (626.634) Calcd.(found): C. 51.75 (51.84)); H 5.79 (5.54); N 15.64 

17 (15.59). 

18 

19 EXAMPLE 10: Preparation of N.N.N.-tris[(3-ben2yloxy-l-methyl-2-oxo-l,2- 

20 dihydropyridin.4.yl)carboxamidopropyll-amine (TRPN-Me-3.2-HOPO, Formula 12. m=2) 

21 This compound is prepared by the procedure of TREN-Me-3,2-HOPO. except tris(3- 

22 aminopropyDamine (TRPN) (0.16 g. 1.1 mmol) is used instead of TREN. Separation and 

23 purification of the benzyl-protected precursor are performed as described in example 9. The 

24 tiUe compound (392 mg. 56.6%) is obtained by catalytic hydrogenation deprotection 

25 followed by precipitaUon from methanol/ether mixture and collected by filtration as a pale, 

26 greenish-yellow solid. m.p. 165* C (dec) "H NMR (250 MHz, DMSO-rf^): 5 1.710 (s. br 

27 6H), 2.660 (s.br, 6H). 3.302 (s.br. 6H). 3.429( s. 9H). 6.485 (d, 3H. J=7.30). 7.065 (d. 3H. 
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1 J=7.30). 8.80 (s br. 3H). iH NMR (250 MHz. D^O-NaODV 5 , . u 

3 (+FAB. TG/G): 642 2(MH+ SS^'W . r ^^-^H. J-7.17). MS 

5 

9 l>)'n<lmone(PbnimIa24 40nm. 1 1 .,. wiroony|.2(iH)- 
10 ,„.,•,, . '•'•'■°^'""'^l('»"'L),.soM„„<,f 
10 '»«'lyfcnelnaraiiietnhydrochIotidi!f8?n,. 

" obuta«lb,c«.l,«chvd ■ '^^*'*""'"»^"''("8".i.58.3%),. 
" ■>MSO.<*«:a3.4,0,s,,«,4.«3..,„,=,,,,~^ 

21 

24 ,4. m=n=2) ^^'-ed^anune (H(2.2)-Me-3.2-HOPO. Formula 



24 
25 



I njN tN) (258 mg, 0.9 mmoJ) is added. After 
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Stirring for four hours, the mixture is filtered and evaporated to dryness. The residue is 
loaded onto a flash silica column. Elution with 3-8% methanol in methylene chloride 
allows for isolation of the pure benzyl-protected precursor as a pale yellow oil. It is 
dissolved in glacial acetic acid (20 mL), 20% Pd(0H)2 on charcoal catalyst is added and the 
mixture is hydrogenated under 400 psi at room temperature overnight. Filtration followed 
by rotary evaporation gives a pale brown residue which is recrystallized from methanol to 
give the title compound (397 mg , 52.9%) as a white powder. m.p. 270° C (dec). 'H NMR 
(250 MHz. DMSO-de): 5 2.663 (s,br, 12H), 3.35 (m.br, 8H). 3.436 (s. 12H), 6.465 (d. 4H, 
J=7.26). 7.093 (d. 4H, J=7.35H). 8.5 (s. br. 4H). MS (+FAB. NBA): 837.3 (MH+ 100%). 
Anal, for C38H48N10O12 H2O (854.884), Calcd.(found): C, 53.39 (53.29); H, 5.89 (5.71); N 
16.38(16.10). 

EXAMPLE 13: Preparation of N,N.N'.N'-tetrakis[(3-hydroxy-l-methyl-2-oxo-l,2- 
dihydropyridin-4-yl)carboxamido-ethyl]-propylenedianiine (H(3,2)-N-Me-3.2-HOPO, 
Formula 14, m=3, n=2) 

This compound is prepared by the procedure of H(2,2)-Me-3,2-HOPO, except 
NJ^,N',N'-tetrakis(2-aminoethyl)-propylenediamine (H(3.2)-amine) (76 mg, 0.25 mmol) is 
used instead of PENTEN. Separation and purificauon of the benzyl-protected precursor are 
performed as described in example 12. The tide compound (1 10 mg, 51.5%) is obtained by 
catalytic hydrogenation deprotection of the precursor followed by leciystallization from 
methanol as a greenish pale yellow solid. m.p. 141 ' C (dec). 'H NMR (300 MHz. DMSO- 
ds): 5 1.639 (s,br, 2H). 2.644 (s.br, 4H), 2.724 (s. br. 8H). 3.400 (s. br. 8H). 3.424 (s. 12H). 
6.448 (d, 4H, J=7.19). 7.040 (d. 4H. J=7.23). 8.778 (s.br, 4H). MS(+FAB. NBA): 851.3 
(MH+. 45%). Anal, for C39H50N10O12 • I.2H2O (875.52). Calcd.(found): C, 53.69 (53.70); 
H, 6.05 (5.98); N, 16.05 (16.09). 
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1 EXAMPLE '*>''=P™ionofNW,N..,«,akisI(3.hyd™xy-,-„„U,y,-2-oxo.,2. 

3 14» m=4, n=2) 

™s compound i. p»pa,«, b, U„ p,^^ of H(2 JWe.3.2.HOI.O. exc», 
N^X^..e^2-».„c«k„H^,e„«^ CH(«,,^, ^ 

ye«„„so,,„., ,24-c,^, .HNMR(3«,M„.0MS0^,: 6 ■.«(s,br,2H, 

' «■ 



14 



15 EXAMPLE ■5:P,^„„„foF0.1.Me.3,2-HOPO(Fon.^n, 

16 (1) ft<in)-Bn-DFO-I.Me.3;Z.HOPOComple, 

1' '*'-'"»'=-"°'''FO(D«f^2.63,,4™o«„dPea,.„,o„.08g 4 

------H-.«..M.C2-U.o«.,,^^^^^^^ 

c««.*. ^=-»«-f-io„w.ic»s,„w.«u,™.sp„,„^C,sn.c.,p,a:.. 
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1 Fe(IID-Bn-DFO-l-Me-3.2-HOPO Complex. Anal for C39H56N7O1 |Fe • 2 H2O (890.805). 

2 Calcd. (found): C. 52.58 (52.99); H. 6.79 (7.25); N, 1 1.00 (11.19); Fe. 6.26 (5.97). 
3 

4 (2) Bn-DFO-l-Me-3,2-HOPO 

5 The above Fe(m)-Bn-DFO-l-Me-3,2-HOPO Complex (2.56 g. 3.0 mmol) is 

6 dissolved in a minimum amount of water and the pH is adjusted to above 13 with a 12 M 

7 NaOH solution. The turbid solution is then filtered to remove the brown Fe(0H)3. 

8 precipitate. The slight yellow filtrate is acidified with 6 M HCl. at which point the protected 

9 DFO-Me-3^-HOPO separates as very thick pale yellow oily material. After cooling, the 

10 oUy product is solidified, it is triturated with the mother liquor and then filtered. The tide 

11 compound ( 1 .24 g. 5 1 .7%) is obtained after washing with cold water, methanol and drying 

12 as a white solid product. m.p. 1 10-2* C. JH NMR (300 MHz, DMSOn/tf): 5 1.2-1.5 (m. 

13 18H). 1.967 (s, 3H). 2.276 (t. J=7.04. 4H), 2.586 (t. J=6.83. 4H), 3.007 (q. J=6.14. 2H), 

14 3.456 (t. J=6.94. 6H), 5.203 (s. 2H), 6.262 (d. IH, J=7.02), 7.3-7.5 (m, 5H), 7.528 (d. IH. 

15 JS7.03), 7.807 (t. br. 2H, J=5.04). 8.220 (t. br. J=5.41). 9.6 (s, br. 3H). MS (+FAB, NBA): 

16 m/e 802.4 (MH+, 100%). Anal, for C39H59N70„ H20 (819.966). Calcd. (found): C. 57.13 

17 (57.37); H, 7.50(7.64); N. 1 1.96 (1 1.78). 
18 

19 (3) DFO-Me-3,2-HOPO (Formula 17) 

20 Bn-DFO-Me-3.2-HOPO (0.82 g, 1 mmol) is suspended in methylene chloride (20 

21 mL) in a schlenk fiask with a tefion stopcock. Under a flow of argon, the suspension is 

22 cooled to 0- C before boron tribromide (1.9 mL. 20 mmol) is injected. The yellow slurry is 

23 stirred at room temperature for 72 hours before pumping off the excess BBrs and CH2CI2. 

24 The remaining pale yellow solid is suspended in cold water. The raw product is collected 

25 by filtration, and then dissolved in a 1 M NaOH solution. The solution is then acidified to 

26 pH 3 and the resultant precipitate is filtered off and dried to give the title compound (0.37 g. 

27 53%) as a white solid. m.p. 166-8* C (dec). »H NMR (300 MHz. DMSO-dj,) 5 1.20-1.52 
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1 (n.. m. 3H,. 2^, 0. 4H, ; = ,.,s,, 2.57, (,, 4„. , = ,.„3 „ ^ . 

= -'•^■^''^•-..-M«.3.«oc.,.„,.=,.3.,,3.«a..3H,,a.H<.,H.;:;,., 

^'°'^"«»^'°"<'»»^)- C.^4(fou«d,:53.»,54.I9).7.30(733, ,377 
6 (13.48). ■ ^ 

7 

(2-™„o«.„,™i. <^'^*»-Mc-3.-H0P0.,^,.„.Z^,e„.N„, 
— »'.'50^CH,a...,..^,,,^,„^„^ ^^^^ 

^™--3..„OPOcHe,aU„,a^. .„NMR(3«,MH.. CDC,, 5 
21 «, ,-7,20, 7.„7 (4 4H. ,.1^, 7,27.7.43 ,o„, 7.,78 (s br. 2H, 

23 <^'-*^'=-^-N,N.W.,(3-M™,H-.^^^^ 

24 °»k<>>™idoeftyl)-N'K-dteeticacid)aREN.bis.Me.3 2HOPn.K- 

25 NNBWnh , '"'"»3'2-HOPO-b,s-«uB,Fom,ukl5) 
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1 is wanned to 60* C overnight under nitrogen. After cooling to room temperature, the 

2 reaction mixture is filtered, the filtrate is rotary evaporated and applied to a flash silica gel 

3 column. Elution with 0.5-4.0% CH3OH in CH2CI2 produces a pale yellow thick oil as pure 

4 benzyl protected precursor. It is dissolved in glacial acetic acid (20 mL), 20% Pd(OH)2 on 

5 charcoal catalyst (200 mg) is added and the mixture hydrogenated under 400 psi at room 

6 temperature overnight. Filtration followed by rotary evaporaUon gives a pale brown residue 

7 which is recrystallized from methanol to give the title compound (0.93 g, 53. 1 %) as a white 

8 powder. m.p. 194-6' C (dec). > H NMR (500 MHz, D2O): 6 3.29 1 (s,br. 4H). 3.367 (s. 6H), 

9 3.38-3.39 (m.br. 2H), 3.40-3.42 (m,br. 2H), 3.542 (s.br. 4H). 3.791 (s. NH). 6.351 (d. 2H. 

10 J=4.35), 6.839 (d, 2H, J=4.34). MS (+FAB. TG/G): 565.2(MH+. 100%), 587.2 (MNa+. 

11 20%). Anal for C24H32N6O10 I.2 H2O (582.824). Calcd. (found): C,49.17( 49.68); H. 

12 5.91 (6.15); N, 14.33(13.98). 
13 

14 EXAMPLE 17: Preparation of Thorium (IV) Complex with 3-Hydroxy-l-methyl-4-(l- 

15 propylcarbamoyl)-2(lH)-pyridinone 

16 To a solution of I-Me-3,2-HOPO propylamide (Formula 9B. R=methyl. R'=H, 84 

17 mg, 0.40 mmol) in dry aceionitrile ( 10 mL). a solution of thorium acetylacetonaie (63 mg, 

18 0.1 mmol) in acetonitrile (10 mL) is added while stirring. The clear mixture solution turns 

19 turbid after a few minutes, it is refluxed overnight under nitrogen. The resultant precipitate 

20 is fdtered off and dried to give the title compound (66 mg, 88%) as a beige solid, m.p. 216- 

21 8- C. IH NMR (300 MHz. DMSO) : 5 0.666(t, 12H, J=7.39), 1.158(q, 8H, J=7.17). 

22 2.956(q. 8H. J=6.47), 3.487 (s. 6H), 6.819 (d. 2H, J=7.03). 6.974 (d, 2H, J=7.19). 9.397(t. 

23 4H, J=5.57). MS (+FAB, TG/G) 1069.7 (ThUH*- 50%), 859.3(ThL3+- 100%). Anal for 

24 ThC4oH52N80i2-2.5H20 (1 1 14.43). Calcd. (found): C, 43.1 1( 43.13); H. 5.15 (4.91); N, 

25 10.05 (9.79). 
26 
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13 ^-^-^l (13.23); Fe, 8.91 (8.75). 

J-s Tns[(3-hydroxy-l-methvl-2-oxn 1 •? w k J '^''.in^, 

19 n..mi- A ■ "^'^'^'^ (5"^) IS added whiJe Stirring The 

Oysals of Ibis compound suilable fm , ™, j « 
2^ Jin- ■ '''"™»n are prepared bvvaoor 

««s,or.„..o.po„.daresb„^.„,^,, Tbe,„.^re^„^„ 
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delocalization and a strong hydrogen bonding between the amide proton and its adjacent 
HOPO oxygen donor, as shown in Formula 8. 

Crystallographic Data and Parameters for 2FeO9N7C27H30-2H2O C3H7NO 



Formula: 

Formula Weight(amu) 
Temperatuje (' C) 
Crystal System 

Space Group (#) 

Cell Constants^ 

a (A) 

b(A) 

c(A) 

aO 

PC) 

YO 
Z 

V(A3) 

Abs. Coeff., n<;alc (cm-^) 

dcalc 

F(000) 

Crystal dimensions (mm) 

Radiation 

Diffractometer 

h, k, 1 range collected 
29 range 
Scan Type 

Scan speed (9. 7min.) 
Reflections collected 
Unique reflections: 

Reflections with (Fo^ > 3*o(Fo2)) 
Number of parameters 
Data/parameter ratio 

R=(IIAFI/ZIFol] 

Rw=[2w(AF)2/ZwFo2] 

GOF 

Final Diff. p^ax* (eV A3) 



2FeO9N7C27H30- 2H2O • C3H7NO 

1487.13 

-116 

triclinic 

PI (#2) 

12.774(3) 
12.838(4) 
20.740(7) 

91.33(3) 

92.92(2) 

102.72(3) 
4 

3311(3) 

5.46 
1.49 
1540 

0.65 X 0.50 X 0.20 mm 
Mo-Ka (1=0.71073) 
Enraf-Nonius CAD-4 

0-^13,-13^+13,-22-H-22 

3' -45* 

Omega-2Theta 

5.497min 
8625 

8625 

6168 
901 

6.8 

0.081 
0.103 
2.994 
+1.3»> 



^Unit cell parameters and their esd's were derived by 
the range 9.9"£2esi3.9*. 
''Located near Fe 2. 



a least-squares fitting of the setting angles of 24 reflections in 
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1 EXAMPLE 20: Preparation and CystaJ Structure of G«H r • 

3 (-Cm)-^-3,2-HOPoJ^^^^^^^ 

^ ^° of TI!EN-Me-3 2.Hnpn<« 

u"ng. Clear solution turns turbid after 9 Hr«„e 

12 12.58(12.28). '^''■''-^'^■■^^^^^^^^^ 

This complex is veo' stable in aqueous soluUon with a for^^r" 

14 nfoni J '"^""roauon constant loeBiift 
" of20.3andapMvaIueforGd3+ofl9 ThicJc u • 

15 Gd3.MRIa.ent.- " -ore stable than any of the 

MKi agents in current clinical use. 

IS Crystals of this compound suitable for x n.v ^iff 

17 diffusion of erh. • • ' ""^^ ^^^'^'^^^^ ^ Prepared by vapor 

"Illusion ofethermto Its wet DMFsoliiHnn t,, u • 

C3H7NP. Its corstal structure is shown in Figure 2 and th. c . n 
19 parameters for this comnn h "^'^"'^ ^ ciystallographic data and 

« ror tlus compound are shown in Table 2. 

2 0 SoluUon of the structure indicates rh»f ,k 

21 rnn. • ^ compound consists of molecules 

21 -"'^-"gonegadoliniumCnDionwhichcoordinateswitha). w 

22 Hnpni- u '^^^''"'ahexadentateTREN-Me.^? 
HOPO hgand and two water molecules so that th. cn 

23 requirememofrh . ' "'^ ^""^ ^""P^sm coordination 
'cquirement of the gadolin um atom is satkfi^H u u 

24 hyd„,xypyridonare • • ''^^ ^'^-^ three bidentate 

y™^^yPyndonate moieties and two water molecules The« 

25 delocalization '"o'ecuJes. The structure reveals extensive 

localization and a strong hydrogen bonding between rh. m 

26 HOPO oxygen donn . ^de proton and its adjacent 

oxygen donor, as shown in Formula 8. Because of the l»™ u 

^ Of the large number of coordinated 
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1 water molecules, this class of compounds is expected to show good nuclear magneUc 

2 relaxation properties as need for magnetic resonance imaging. 



3 
4 
5. 
6 
7 
8 
9 
10 
11 
12 

13 
14 
15 
16 
17 

18 

19 

20 
21 
22 
23 
24 
25 
26 

27 
28 
29 

30 
31 

32 
33 
34 

35 
36 
37 

38 

39 

40 

41 
42 

43 
44 
45 



Table 2. 

Ciystallographic Data and Parameters for GdO9N7C27H30-2H2O C3H7NO 



Formula: 

Formula Weight (amu) 
Temperature (* C) 
Ciystal System 

Space Group (#) 

Cell Constants^ 
a (A). 
b(A) 
c(A) 

aO 
PC) 

rO 
z 

V(A3) 

Abs. Coeff.. Hcalc (cm-l) 

dcalc 
F(000) 

Crystal dimensions (mm) 

Radiation 

Diffraciometer 

h, k, 1 range collected 

26 range 
Scan Type 

Scan speed (9, Vmin.) 
Reflections collected 
Unique reflections: 

Reflections with (Fo^ > 3*o(Fo2)) 
Number of parameters 
Data/parameter ratio 

R=(ZIAFI/ZIFol] 

Rw=[Zw(AF)2/IwFo2] 

GOF 

Final Diff.pn,ax+(e-/ A3) 



GdO9N7C27H30'2H2O-C3H7NO 

862.96 

-117 

triclinic 

PT (#2) 

10.791(3) 
12.901(4) 
13.566(4) 

85.42(2) 

67.38(2) 

74.58(2) 
2 

1680(1) 

20M 
1.706 
874 

0.30x0. 11 X 0.08 nrni 

Mo-Ka(X=0.71073) 
Enraf-Nonius CAD-4 

0->ll, -13^+13. -14-^+14 

1.5-22.5 

Omega-2Theta 

5.497min 

4377 

4377 

3576 

460 

7.8 

0.036 

0.039 

1.385 
+1.008«> 



*Unit cell parameteis and their csd's were 
the range 23.24''S2eS24.56''. 
^Located near Gd. 



derived by a least-squares fitting of the setting angles of 24 reflections in 
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EXAMPI^ 21: »'-TestofPromoungE,c«uo„of238p„(iv,inMiccbyI„Jcaed 
Ligands 

■n« cbdaiing aeenis of protn ^ ^ ^ ^ 

.B«Uv=,,«s in p^nouag „c,=Uo, of i. "to b, toj««, Bg^te « 

Mte. to s™.p, off,™. Md, „ J a«P.aV) moj 

™Lo,d»,ob»»,. O»toto.30,™»,oflig«^„„i.j^i,,,,,^.,^ 
O^nLofsalto. T<»n.i«we„kiII».24ho„„.te,i»Puinj«i.^fa«..^^ 

d«nnto«.b,„„,to,,taa4„t..„s^,i«„^.y^^^^^ 

l,g«^ „ ^..^ to 3. «ch ^ toclud., dau fo, ONaj-DTPA ^ 
p„,„j^ *o da« to TaUe 3 

■««l«s«*«5.U-O.M0.3^.HOPO.5.U.M..3.2.HOPOa,.,4-U.M..34-HOro« 
S-Pns,.sl,.„«fecuveo,n„„effocu«*«,^to,dom«..doc««,u»cl^ 
3^ WUoto*.c:»„f„„,Ua.„„ ..2-H0P0an<lca«h.,u»ld.ctoto,.g™, 

tetradentates. 



Table ^ 

Removal of z^PudV) from Mice by Injected Ugands Composed 



ofMe-3.2.HOPO 



percent of injected 238pu ± SD at 24 h^-b 



tissues 



Ugand 



excreta 



tuM/ skeleion 
mice 



liver 



3-U-aMe.3^.HOI 



softUsstie kidneys wiiolebody feces and GI 

contents 0.24 h 



5-U^e.3^.HOro 5 U ± 1.6 



10 10 ±U 3.1±0.8<J l.9±0.5 



15 ± ild 

16 ± 1.9d 



61.7 
67^ 



23.5 
I7J 
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d.Ll.Me>3^-HOPO 


10 


11 ± 1.7 


3.7 ± \JS^ 


TREN*Me-3.2*HOPO 


15 


10 ± 1.1 


5.0 ± 2.2*' 


H(2J)-Me-3.2-HOPO 


f /I 
10 


11 X 1./ 


t fi ^ 1 td 
^.oZ 1.1 


ME.Me-3a-HOPO 


5 


12 ± 1.8 


6.1± 4.9*^ 


6-U-Me.3.2.HOPO 


10 


12 ± 1.8 


6J± 3.r* 


3-U-MeO>HOPO 


10 


14 ± 1.9 


9J± 4.9<^ 


H(3^VMe-3a-HOPO 


5 


10 ± 2.0 


14 ± 6.1 


TREN4iis(Me-3^- 


10 


20 ± 1.7 


6.6 ± 2.2*^ 


HOPOVbU acetic add 






17 ± 5.0 


TRPN-MeO^-HOPO 


5 


14 ± 3.2 


H(4a)-Me-3^-HOro 


5 


12 ± X9 


29 ± 6.1 


DFaMe-3^-H0P0« 


10 


17 * 2.4 


13 ± 3.5 


Reference LieandsC^ 






DFO.(l.2-HOPO) 


5 




5.1 ±2.2*^ 


3.4J-UU*HOPO) 


5 


7.5±0.7<^ 


8.9±1.7<* 


CaNa3-DTPA 


15 


12 ± 23 


17 ±4.0 


3.4.U(U-HOPO) 


5 


9.9 ± 3.6 


18 ±4.8 


3-U(U-H0PO) 


5 


17 ± 2.8 


8.7±l.2<i 


DFO 


JO 


20 ±11 


19 ±13 


M&(U-HOPO) 


5 


17 ± 2J5 


18 ± 63(> 


Pu-Intected Controls (fed\ 






lttUat24h 


143 


31 ± 7.4 


50 ± 7.9^ 



1.9 ±0.5 


0.4 


17 ± 2.4^ 


63 


19.4 


2.5±0.8 


0.6 


18 ± 2.7<* 


433 


37 


r8±1.6 


13 


19± 2.9*' 


453 


36 


3.0 ±^0 


0.9 


22 ± 8.5<* 


70.1 


333 


3.7 ±1.8 


03 


23 ± 4.9<* 


6Z9 


14.4 


r6±0.4 


03 


27± 5.2 


41.6 


32 


^ ^d 


1.2 


28 ± 4.8 


5ri 


193 


2.7 ±0.8 


03 


30± 3.6 


34.6 


8.7 


2.0±1.1 


0.7 


33 ± 53 


113 


cc 


1.9±1.0 


1.8 


46 ± 8.5 


2o.5 


'^fl 
£o 


19 ±3.0 


3.0 


53 ± 3.4 


26.4 


21 


23 ±03** 


U.1 


13 ± 2.9<* 


46.7 


93 


l.6±0.6<* 


0.2 


18±1.7<* 


57 


23 


3.5 ± 1.6 


1.1 


33 ± o.o 




HI 


5.8 ±13 


0.6 


34 ± 9.2 


58 


7.9 


11 ± 0.8 


1.4 


38 ± 4.4 


533 


8.7 


4.5 ±1.4 


1.8 


45± 23 


15.1 


38 


10 ± 1.8 


1.8 


47 ± 9.4 


43 


9.6 


7.8 ± 2.1 


1.8 


91 ± 6.0 


4.4 


3.8 



* SDs|Zdcv2(n-ir* l''^. No SD is shown for kidneys or cxcrcia. because samples for five-mouse groups were pooled 
for tadioanalysis. Data for each mouse, expressed as % ID. were normalized lo 100% material recovery; 
discrepancies are due to rounding. 

Ligands were injected f30 ^mol kg* ^ ip) at I h, and mice were killed at 24 h after iv injection of ^MPuOV) citrate, 
c Skeleton, liver, and body Pu of ligand-treatcd groups are significantly less than 24 h Pu.injected consols (i test. 
p^.01). 

Significantly different from mice given CaNaa-DTPA (t icsu p 5 0.01). 
^ Reported previously and shown here to faciliute comparisons. 



EXAMPLE 22: in Vivo Test of Promoting Excretion of 238pu(IV) in Mice by Orally 
Administered Ligands 

The novel chelating agents of the present invention were tested for their 
effectiveness in promoting excretion of 238pu(lV) by orally administration to mice as 
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foUows. Mice in groups of Hve. each received an intmvcnous injection of 1850 Bq 
»»Pu(IV) in 0.2 no. of citrate buffer. TT«c minutes later. 30 mmol/kg of ligand was given 
by gavage in 0.5 ml of saline. The mice were killed 24 hours after the 23Sp^(iV) injection, 
frozen, and dissected after partial thawing. The 238pu(iv) in skeleton, soft tissues, and 
separated excreta was determined by counting the 234u L x-rays. Results of removal of 

23«Pu(IV) fiom mice by ordly administered Ugands a,« summarized in Table 4. wh^ 
includes data for the reference ligands. and the Pu-injected controls. As iUustrated by the 
data in Table 4. the octadentate and hexadentate chelating agents are superior by oral 
administration, and the hexadehtate ligand TTtEN-Me-i^-HOPO is the most effective bod. 
(by oral and injection) cases. 

Table 4 

Removal of 238pu(iv) from Mice by Orally 
AOmimstercd Ligands Composed of Me-3,2.HOPO 



percent of administered 238pu ± SD at 24 h*'^ 



Ligand 



fUKof skeleton 
mice 



Mc-;?.7>H0P0?Trnnf!s 

H(U).Mc.3^-HOPO JS 
TOEN-Me-a^-HOPO 
H(3a)-Mc.3.2.HOPD 
H(4J).Me.3J.HOK> 

5-U-O.Me-3J-HOPO 

5>U.Me.3J.HOPO 

4-U-Me.3J.HOPO 

DFaMe.3j.HOPO 

THPN.Me-3J-HOPO 

3-U.Me.3j.HOFO 

TTlEN.bisrMe.3J. 
HOPO)ba aoeuc icid 



10 

5 

5 

5 

5 

5 

10 

5 

10 

10 



11 ±4.6 
13±5J 

14 ±6.7 
15±6J 
23 ±5.9 
23 ±11 

15 ±6. J 
20 ±7.6 
28 ± 8.0 
27 ± 7.7c 
28±5jc 



tissues 



liver soft 



excreta 



7,6 ±6.5 
8 J ±4.7 
13 ±5.9 
19 ±4.9 
16 ±4.4 
24 ±5.3 
34±7.7 
22±7.7 
28 ±3.1 
33 ±4.4 
38 ±2.7*1 



tissue kidneys whole bodyC fcttsandCI urine 

0.24h 



4.0±ZIC 
1.9±ljc 
4.1 ± 1.9 
1.8 ±0.8 

4.0±0.8C 
4.4 ±2.0 
3.6 ±1.5 
15=fc4.0 
4J±1.7<^ 

5.0 ±1J 

4.1 ±0.7 



0.4 

0.7 

1.4 

1.3 

0.8 

0.8 

05 

Z4 

0.7 

0.8 

0.6 



23± II 
25±I2 
33 ± 13 
37 ± 10 
43 ± 10 
53 ± 17 
54± 13 
60± 11 
60± 11 
66± 11 
71 ±5.6 



37.9 
34.1 
25.4 

lai 

44.7 
27.1 
13.6 
I7J 
35.5 
7.9 

lao 



39 
42 
42 
52.4 
12J 
20 
32J5 
22.4 
5.4 
27 
19.1 
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6-U.Me*3J-HOPO 


10 


7< 4* 1 IC 
^ Z J* J 


44 ±5.0 




1 T 


76 ± 5.8^ 


9.0 


til *t 
14.2 


M&Me.3J-H0P0 


5 


34 ±24.5 


40 ± 1.8 


7.5 ±1.7 


1.2 


82± 39c 


6.7 


12.4 


Rgfergnce t^iffandt^ 


















DFCHli-HOPO) 


5 


12 ±2.4 


11 ±4.9 


I J ±0.7 


0.1 


24 ± 7.7 


51.4 


25.7 






33 ± 5.0 


22± 7.7<* 


3.9 ±0.8 


0.2 


60± 8.2 


123 


29 


CaNa3-D1PA 


5 


35± 2.7 


45 ± 2.4* 


4.1 ±0.7 


1.1 


85 ± 1.8 


5.0 


9J 


Pu-Iniected Controls 


Ifcdl 
















idUat24h 


20 


39 ± 7.2 


43 ± 62^ 


6.0± 1.5 


1.6 


90± 3.6 


4.5 


5.4 



' SD = II dev2 {„.iyi]in no SD is shown for kidneys or excreta, because samples for five-mouse gnaps were 
pooled for radioanalysis. Data for each mouse, expressed as « ID. were nonnalized (o 100% material lecovay; 
discrepancies are due to rounding. 

Ugands were given (30 Mmole kg- ' . by garage) at 3 min. and mice were killed at 24 h after iv injection of 
'"PuflV) citrate. ' 
' Mean is significantly less than that of 24-h fasted Pu controls (t test, p S 0.01 ) 
Mean is significantly less than that of mice gavaged with CaNa3-DTPA (t tesu p £ 0.01 ) 



EXAMPLE 23: In Vivo Test of Promoting ExcictiotJ of Ain(III). Np(IV), and U(VI) in 
Mice by Injected TREN-Me-3.2-HOPO 

One of the novel chelating agents of the present invention. TREN-Me-3.2-HOPO, was 
ako tested for effectiveness in promoting excretion of 241 Am (HI). 237Np (V),and 232u (VI) by 
injection into mice, as foUows: Mice, in groups of five, each received an intravenous injection of 
(a) 1 100 Bq of 24lAm(ra) in 0.2 mL of citrate buffer, (b) 150 Bq of 232UO2CI2 plus 3.6 mg of 
235UO2CI2 in 0.2 mL of saline, or (c) 200 Bq of 237Np02Cl f7.5 mg of 237Np02CI) in 0.2 mL 
of saline. Three to five minutes later. 30 mmol/kg of TREN-Me-3.2-HOPO was injected 
imrapcritoncally in 0.5 mL of saline. The mice were kiUed 24 hours after the acdnide injection, 
frozen, and dissected after partial thawing. The skeleton, soft tissues, and separated excreta were 
radioanalyzed by counting the 24lAm gamma rays, or the alpha panicles emitted by 237Np or 
2»U (and its ingrowing daughters). Removal of those actinides from mice by injected TREN- 
Me-3,2-HOPO is summarized in Table 5. which also includes data for mice similarly treated with 
CaNaa-DTPA and for actinide-injected controls. As shown by the data in Table 5, TREN-Me- 
3,2-HOPO reduced the body content of all three actinides to a significantly greater degree than 
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CaNaa-DTPA. Compa«d wiU. con«.K the An, contcn. of al, tissues was greaUy educed, the 
Np content of the soft tissues was sigdficanUy reduced, and mo. than one-half of the U bunien 
«. the icidneys was «tnoved. The stxucture of Am(IID-7l^EN-Me-32-HOPO is co«idexcd to 
resemble thatof the GdCm) complexes (seecxan^le 20). Con^lexati. 

that is rednced/nwv. to Np(rV) is considered to resen^le that ofP„(nO.Q^^^ 
U(VD IS considered to take place through binding to UO22+. 

• Table 5 

Removal of 24 1 ^,,,0), 237^J,^). or 23Z234.235u(Vi, fn,m Mice by Injected 



percent of injected actinide ± SD at 24 h^-b-c 



tissues 



Ligand 



excreta 



skeleton Ijver 



soft tissue kidneys 



27 ± 5.3 



TREN.MC-3.2-HOPO 
CiNa3-DT?A 
AmcomroJs.kiIl24h 
NpfV) 

TREN.Me.3^-HOPO 34 ± 4^ 
CaNas-DTPA 
Np controls.kill 24 h 

TREN-McS^-HOPO 
CaNaa-DTPA 
UcontrDis,U|l24fi 



wholebody fccesandGI 

conicms 0-24 h 



50±5.3 



40 ± 4.4 
37 ± 5.1 



16 ± 2.4 
19 ± 3.0 

17 ± 2J 



14 ± 5.7 
1.4± Z3 

0.6 ±0J 
1.4c 



1.6 ±0.6^ 


0.2 


111 1.4<^^ 


38 


51 




0.4 


241 1.3d 


8.0 


68 


5.7 ±0.7 


IJZ 


841 3.7 


2.6 


14 


3.111.1 


1.0 


421 lldx 


17 


40 


3.510.9 


13 


581 8.0 


IS 


40 


5.8 12J 


1.7 


591 4.1 


4lf 





1.610.3 
2.210.J 
2.810.5 



9.4 ±6.0^* 
I71Z8 
1916.9 



271 8.5**^ 
381 0.7 
4017.8 



23 



62^ 
60^ 



70 



f Ligands (30 mmol kch Inttitrs^^- ^ 
b r ^ > ' P ill ^ to 5 mm after actinide i v • at Oii k 

W due 10 rounding. nonnaJued to 100% nateriai recovery. dia»pand« 
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c Standard deviation, SDs[Idev*r n- 1 )' > ] Kidneys of Am- and Np-injected mice, liven of some U-injected 

groups, and all excreta were pooled for each five-mouse group. 
^ Significantly less actintde than appropriate controls (t tesu p<0.01 ). 

^ Significantly improved acttnide reduction than for mice given CaNaj-DTPA in same protocol. 
^Combined excreta. 



EXAMPLE 24: In Vivo Toxicity Test of Injected Ligands in Mice 

The test of acute toxicity of these novel ligands was carried out as follows. Groups 
of five mice were each given a single i.p. injection of 100 mmol/kg of ligand a day for 10 
days or given two i.p. injection of 500 mmol/kg in 8 hours. The ligand was dissolved in 0^ 
to 1. 0 mi of saline at pH 7 to 8. After a period of observation, the mice were killed, selected 
tissues were removed and fixed for histopathological examination, and unusual findings at 
autopsy were recorded. Results of the initial test of toxicity of the ligands tested are 
sunmiarized in Table 6. The highly effective ligands, such as TREN-Me-3,2-HOPO, 5-LI- 
Me-3;2-HOPO and 5-LI-0-Me-3.2-HOPO proved to be of low toxicity, even at the 
relatively high dosage of 2x500 |zmol/kg in 8 hours. 



Initial Evaluation of Acute Toxicity in Mice of Ligands Composed of l-Me-3,2-HOPO» 



DTOtocol and ligand 


study 
length 


lULfif 
mice 


no, of 

survivon; 
c 


I2m.ent ronin^l mepn t SP^ 

bodv weight kidney wcicht plasma urea N 


I. lOOMmoMcg'I X 10 daily 












TKEN.Me.3,2-HOPO 


11 


5 




1Q2± 1 


112± 10 


TERN-Me-3.2-HOPO 


21 


5 




I06± 4 


120± 9 


Ha2>-Me-3a-HOPO 


11 


5 




97 ± 6 


223± 28 


Ha2).Me.3a-HOPO 


21 


5 






22S±188 


5-U-Me*3^*HOPO 


11 


5 




102± 5 


109114 89± I 


S-U.Me.3a*H0PO 


21 


5 




IQZd: S 


I00± 4 101 ± 2 
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5-lJ-0-Me-3^.HOPO 


U 


5 


5 


1Q3± 5 


100 ± 19 


83± 5 


S-U-O-Mc-a^-HOPO 


21 


< 


D 


101 ± 5 


Ill± 5 


86± 18 


lA. J00^moi kg-lx2daily 














3-LI*Me-3a-HOPO 


6 


10 


A 

V 


on ^ A 

SltA 






6-U.Me-3^-HOPO 


3 


5 . 


5 


83_±_3 




343 ♦ 


6-U-Me-3^.HOro 


11 


5 


3 


101 ± 5 


1I2± 13 


92± 6 


Is. iOU)unorkg ' 














4-U-(Me-3^.HOPO 


5 


3 


0 


85±8 


190± 63 


>20QQ 


IL500^moi kg-J x2in8h 














TREN-(Mc.3.2.HOPO 


8 


I9C 


19 


101 ± 4 




119± 15 


Ha2).Me-3a-HOPO) 


8 


10 


3 


94 + ^ 




169+ 10 


5-U-Mc-3^-HOPO 


n 


5 


5 


99 ± 3 


109± 9 


98 ± 18 


5-U-0-Me-3a-HOPO 


11 


10 


10 


I00± 2 


108 ± 10 


77j: in 



»ConoDldaa: Body weight nuio. (WftVW(o)) 8 lo I Id. 1.01 ± 0.03 f 15): 21 d. 1.06 ± 0 06 (10) 

Kdaey weight (g). 2 x left kidney. 0.44 ± 0.04 (25). Plasma urea N (me dL*') (15 erouis 

^^Daysafterr„«;i:?2,S''*'-'"^""''^^"^"-^'^^^^^ 

^Number of sumvoB n»i of «.u>psied mice contributing numerical data, with two exceptions. In the case of 3- 

J^^tsySd'^nSro^Tr™""'"'^™^ 

f T^^i?**"^*'«'"^""''y f™™ «"«"» means, t lesup <001 

e Two »pbaae ID-mouse groups, one mouse lost in an inSn «eide«L 
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CLAIMS 



3 
4 



6 
7 
8 
9 



12 
13 



16 
17 



1. A hydroxypyridinone chelating agent selected from the group consisting of: 



R R 
» I 




R2-i — or 




wherein a substituted carbamoyl group is ortho to hydroxy or oxo groups of a 
5 hydroxypyridinone ring; R is a backbone linking group; R' is selected from the group 
consisting of hydrogen. C,.8 aliphatic hydrocarbon groups, aryl groups and C,.8 aliphaUc 
hydrocarbon groups substituted by amino, carboxy, or hydroxy groups; and R, and R2 
separately selected from hydrogen. Cm aliphatic hydrocarbon groups, and Cm aliphati, 
hydrocarbon groups substituted by a single haUde, hydroxy, carboxy, phosphono, 
1 0 acrylamido group or an aryl group. 
11 



are 

:c 



2. A hydroxypyridinone chelating agent according to claim 1. wherein said linking group is 
a molecular backbone linking group; and said molecular backbone linking group is of linear. 
14 branched linear, multipodal or macrocyclic topology. 
15 



3. A hydroxypyridinone chelating agent according to claim 2. wherein said molecular backbone 
linking group additionally bears at least one chelating functional unit selected from the group 
18 consisting of: 



19 
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1 R2 . OH 

7 S^"' '-MaJiphaUc hydrocarbon groups and r ,1- u • . 
~ »y a Sin,,. ^Me, J^Z ^'^ 

STOup. '^•^'"^•'*°^'«'»°.^'3"™ld„ group 

and hydroxamic acids. 2.3-d.hydit)xyterephthaJamides. 

5. A hydroxypyridinone Chelating agent according to claim 3 h • 

functional units are: ' 'Chelating 



I 




I 
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1 6. A hydroxypyridinone chelating agent according to claim 1 , wherein said backbone 

2 linking group is a polymeric backbone linking group. 
3 

4 7. A hydroxypyridinone chelating agent according to claim 6, wherein said polymeric backbone 

linking group additionally bears a combination of at least one type of chelating functional unit 
6 selected from the group consisting of: 

I 



5 



16 
17 
18 





rY ° 

7 

8 or mixtures thereof, wherein a substituted carbamoyl group is ortho to hydroxy or oxo 

9 groups of a hydroxypyridinone ring; an amide free valency is a point of attachment to said 

10 polymeric backbone linking group; R* is selected from the group consisting of hydrogen. Ci. 

11 8 aliphatic hydrocarbon groups, aryl groups and Ci.g aliphatic hydrocarbon groups 

12 substituted by amino, carboxy. or hydroxy groups; and R i and R2 are separately selected 

13 from hydrogen. C,^ aliphatic hydrocarbon groups, and Cm aliphatic hydrocarbon groups 

14 substituted by a single halide. hydroxy, carboxy. phosphono. acrylamido group or an aryl 

15 group. 



8. A chelating agent according to claim 7. wherein said polymeric backbone hnking group 
additionally bears chelating functional units selected from the group consisting of: amino 
19 acetic acid, catechols. 2.3-dihydroxyterephthalamides. and hydroxamic acids. 
20 

21 9. The chelating agent 5-LI-0-Me-3.2-HOPO. 
22 

23 10. The chelating agent 5-LI-Me-3,2-HOPO. 
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1 1. The chelating agent TREN-Me-3^-H0P0. 

12. The cheJating agent H(2,2)-Me-3;2-HOPO. 

consisting of: ^ ^ 



R 



I 

7 Ri 




or 




OH 



8 
9 
10 
11 
12 
13 
14 



15 carrier -^-tcpiaoie oiiuent or 

16 



17 

18 

19 

20 

21 

22 



14. A phannaceuUcal composition according to claim 13 whi.h f w 

^ . ^. . which further comprises a solid 

earner and .s m a form suitable for oral administration. 

-Aph^^^^^^ 

^^n, group . Of linear, branched linear. mulUpodal or macrocyclic topology. 
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1 16. A pharaiaceutical composition according to claim 15. wherein said molecular backbone 

2 linking group additionally bears at least one chelating functional unit selected from the group 

3 consisting of: 



,0H 



O^NR- O NR- 

4 Ri 

5 or mixtures thereof, wherein a substituted carbamoyl group is ortho to hydroxy or oxo 

6 groups of a hydroxypyridinone ring; an amide free valency is the point of attachment to said 

7 molecular backbone linking group; R' is selected from the group consisting of hydrogen, d . 

8 8 aliphatic hydrocarbon groups, aryl groups and Cug aliphatic hydrocarbon groups 

9 substituted by amino, carboxy, or hydroxy groups; and R i and R2 are separately selected 

10 from hydrogen. Cm aUphatic hydrocarbon groups, and Cm aliphatic hydrocarbon groups 

11 substituted by a single halide, hydroxy, carboxy, phosphono, acrylamido group or an aiyl 

12 group. 
13 

14 17. A pharmaceutical composition according to claim 16, wherein said molecular backbone 

15 linking group additionally bears chelating functional units selected from the group 

1 6 consisting of: amino acetic acid, catechols, 2,3.dihydroxyterephthaIamides, and hydroxamic 

17 acids. 
18 

19 1 8. A method of removing aciinides and iron from a mammalian body which comprises 

2 0 administration of a physiologicaUy acceptable amount of a chelating agent selected from the 

21 group consisting of: 
22 



55 



wo 97/00245 



PCT/US95/07766 





or 




2 wh.™„ a subaimttd cadamoyl 8Kn,p is onho m hytoxy „ „,„ g„„p, , 

4 ««»P-»^'i»8ofh,<Wg.„,c,.,aIiptaichyd^ 

5 al.pha.c hyd^crton grc^s .„bs.i.u,ed by ^. cart„,y. „ r, ^ 

6 R. are separately selec,«i te„ hyd™g«. c,. aliphaUc hydrocaAo, 8„,„ps. ^ c,. 

7 abphauc hydrocarbon ^ subsU,„,ed by a stagle halidc, hyd^xy, carboxy, pbospbono, 

8 acrylamido group or an aryl group. 



10 
11 
12 



19. A mcd^ according ''■»'>="i-aid,n„,ec„,arbacld»„e,in,d„g group isof 
ImMT. branched linear. mulUpodal or macrocyclic topology. 



13 20. A n»d«l according ,„ daim ,9. wherein said oKlecolar backbone linicing group 
X4 addiUonaiiy bears a, ieas, one cheiaUng ft.ncUona, nni, seiecied ,^ ^ gronp 




16 



O^NR- 
t4 OH 




17 "■^'"-""-f.whereinasnbsU.u.edcarban.ylg^pisor.hou.hydroxyor^to 

18 ^"P-'»'>y^~onering;a.ann*toev.,encyisd„poin,o,.«cbn»„,.osaid 
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molecular backbone linking group; R' is selected from the group consisting of hydrogen, C, . 
8 aliphatic hydrocarbon groups, aryl groups and C|.8 aliphatic hydrocarbon groups 
substituted by amino, carboxy, or hydroxy groups; and Rj and R2 are separately selected 
from hydrogen, Cm aliphktic hydrocarbon groups, and Cm aliphatic hydrocarbon groups 
substituted by a single halide, hydroxy, carb5xy. phosphono, aciylamido group or an aiyl 
group. 

21. A method according to claim 20, wherein said molecular backbone linking group 
additionally bears chelating functional units selected from Uie group consisting of: amino 
acetic acid, catechols, 2,3-dihydroxyterephthalamides, and hydroxamic acids. 

22. A metiiod of removing actinides and iron from a mammalian body which comprises 
administration of a pharmaceutical composition comprising the chelating agent selected from the 
group consisting of: 

R 
I 

0<^NR' 



I 

Ri 





OH 



mone 



wherein a substituted carbamoyl group is ortho to hydroxy or 0x0 groups of a hydroxypyridi 
ring; R is a molecular backbone linking group; R' is selected from the group consisting of 
hydrogen, Cg aliphatic hydrocarbon groups, aiyl groups and Cg aliphatic hydrocarbon groups 
substituted by amino, carboxy, or hydroxy groups; and R, and R2 are separately selected from 
hydrogen. Cm aliphatic hydrocarbon groups, and Cm aliphatic hydrocarbon groups substituted 
by a single halide, hydroxy, carboxy, phosphono, aciylamido group or an aryl group, together 
with a physiologically acceptable diluent or carrier. 
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23-A.eU,odof„.ovi„gactinidesandironfro.anaan^,„,^^ . 

25. A method according to claim 24. wherein said molecular baclchn . 
additionally bears at le,« u . ' backbone haking group 

iy bears at least one chelaUng functional unit selected from 

J '"'^"'''f'O'n the group consisting of: 

O^NR- 'I I 



10 



NR' 

OH 



R2 OH ^N^< 



" ^"tstoKdby.siaeleWid.K- ^ "I"' ""P"""' Mroc^bon groups 
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27. MRI diagnosis agents containing complexes of chelating agents selected from the group 



2 consisting of: 



^ K R 



Ri 



OH 
OH 



4 wherein a substituted carbamoyl group is ortho to hydroxy or oxo groups of a 

5 hydroxypyridinone ring; R is a molecular backbone linking group; R' is selected from the 

6 group consisting of hydrogen, Cg aliphatic hydrocarbon groups, aryl groups and Cg 

7 aUphatic hydrocarbon groups substituted by amino, carboxy. or hydroxy groups; and Rj and 

8 R2 are separately selected from hydrogen, C,^ aliphatic hydrocarbon groups, and Cm 

9 aliphatic hydrocarbon groups substituted by a single halide. hydroxy, carboxy, phosphono. 
1 0 acrylamido group or an aryl group. 



12 28. MRI diagnosis agents according to claim 27, wherein said molecular backbone linking 
group is of linear, branched linear, multipodal or macrocyclic topology. 



15 29. MRI diagnosis agents according to claim 28, wherein said molecular backbone linking group 

16 additionally bears at least one chelating functional unit selected from the group consisting of: 

1 n 




18 
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2 
3 
4 



9 



15 Uiesttps: ''^'^'"^W('HH>yn<taone composing 

(j; neutralizing said soluUon, 
(4) filtering said solution; 

(4) «>^tracting said solution to create an extinct: 

(5) ptirilying said extract with a fiach 
tract w,th a flash sthca gel plug to create a purified extract- and 

(6) evaporating said purified extnict. 

25 32. A process of synthesizing 4-carboxy.3-hydn,xy-2f im „vriH- 

26 formula. ^""''^ 2(lH)-pynd,nones of the following 



18 

19 

20 

21 

22 

23 

24 



27 
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O. 




OH 



OH 



o 



1 



2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 
16 



17 
18 
19 



comprising the steps: 

(1) mixing 3-hydroxy-2(lH)-pyridinones and anhydrous potassium carbonate in 
about 1:3 to 1:5 moi ratio to create a mixture; 

(2) placing said mixture in a closed, explosion resistant, scalable container and 
filling with dry carbon dioxide gas to about 600-900 psi; 

(3) heating said mixture to about 170-200* C for about 24-72 hours; 

(4) cooling said mixture to create a solid; and 

(5) dissolving said solid in water to create a solution; 

(6) acidifying said solution with mineral acid to create an acidified solution; and 

(7) filtering said acidified solution to create said 4-carboxy-3-hydroxy-2(lH)- 
pyridinones. 

33. A process of synthesizing hydroxypyridinone chelating agents selected from the group 
consisting of: 



wherein a substituted carbamoyl group is ortho to hydroxy or oxo groups of a 
hydroxypyridinone ring; R is a backbone linking group; R' is selected from the group 
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'/urogen, Cj^ aliphatic hvdrorarhr*« ^ 

« (1) reacUng an acid seJected from the . ^'^P^" 

Q^^OH ™ Sroup consisting of: - - 



9 
10 





chloride; ''"''"'•^^'ivatedamide.oranacid 



13 

14 chloride; 



19 

20 34. A process of synthesizing bidcntate anH . . 
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1 

2 
3 
4 
5 
6 
7 



9 
10 
11 



12 
13 





or 




wherein a substituted caibamoyl group is ortho to hydroxy or oxo groups of a 
hydroxypyridmone ring; R is a backbone linking group; R- is selected from the group 
consisting of hydrogen, Cg aliphatic hydrocarbon groups, aryl groups and Cg aiiphaUc 
hydrocarbon groups substituted by amino, carboxy. or hydroxy groups; and R, and Rj are 
separately selected from hydrogen. Cm aUphaUc hydrocarbon groups, and Cm aliphatic 
8 hydrocarbon groups substituted by a shigle halide. hydroxy, carboxy, phosphono. 
acrylamido group or an aryl group, comprising the steps: 

(1) mixing an acid selected from the group consisting of: 





or 



OH 



14 with a hydroxy group protecting agent in 1: 1.2 mol ratio and excess anhydrous potassium 

15 carbonate in a suitable solvent to create a first mixture; 

16 (2) heating said first mixture at about 65-80* C under N2 in darkness for about 16 

17 hours, 

^® (3) filtering said first mixture to create a filtrate; 

(4) evaporating said filtrate to create an oil; 



19 
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(') dissolvmgs«d«,Udiii««.ri„, 
(M) KoystaUiiing Mid residw ^ ^ , 
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